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Abstract 
 Apart from the biological and health issues, excessive amounts of nutrients (P and N) in water 
causes eutrophication that can severely damage the water treatment facilities. Available methods for 
adsorbing these contaminants are expensive both at its production and regeneration stages, hence 
development of cheaper alternative adsorbents without a need for their regeneration seems to be 
necessary.  
 Brown Coal (BC) is an inexpensive material, which - apart from its application as an alternative 
to fossil fuels - has been used as an effective ion-exchanger for the removal of pollutants from 
wastewaters and soils. For the first time, this study investigates the use of BC as an adsorbent to remove 
ammonium and phosphate from wastewater. 
 The influence of pH, initial adsorbate concentration, and adsorbent dose were studied in 
removal of nutrients from both synthetic and real wastewater using BC, and it was found that although 
all these parameters were effective, pH had the most significant influence on removal efficiency of BC. 
This achievement resulted in creating the idea of treating of BC using NaOH solution. Several 
experiments were conducted in batch and column modes to investigate the nutrient removal efficiency 
associated with raw brown coal (RBC) and NaOH-treated BC, which was referred to as base-wash brown 
coal (BWBC). Experimental results were then assessed through analytical methods. 
 Chemical and physical characterizations of BC, before and after treating, were studied via 
Fourier transform infra-red (FTIR), scanning electron microscopy (SEM), X-ray powder diffraction (XRD), 
and Brunauer-Emmett-Teller (BET) tests to explain the experimental results of this study. 
 BWBC showed increased ammonium removal efficiency (95.45% and 92%) compared to RBC 
(41.18% and 88.4%) in batch and column tests, respectively. FTIR spectroscopy confirmed the 
substitution of the acidic proton for Na+ in BWBC after alkaline treatment of RBC and the substitution of 
Na+ for NH4+ after application of BWBC to ammonium solution. 
 In agreement with FTIR results, scanning electron microscopy-electron diffraction scattering 
(SEM-EDS) of BWBC revealed reduced sodium content by 2.55 wt% and augmented nitrogen content by 
9.61 wt% after application to wastewater. Crystallographic analysis showed 7.2% increase in crystallinity 
for BWBC compared to RBC due to the formation of new salt crystals as a result of alkaline treatment on 
the acidic BC. 
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 The influence of metal ions in removal of ammonium using BC from solution was also studied. 
BC selectivity for NH4+ in the presence of metal ions in both synthetic and real wastewater samples was 
in the following order: Mg2+ > NH4+ > K+ > Na+ > H+. 
 Fitting experimental adsorption data to kinetic models suggested that the ammonium removal 
mechanism was based on chemisorption. Experimental data showed high fit to both Freundlich and 
Langmuir isotherm models. In addition, the pseudo-second-order model was found to be a reliable 
model to describe the adsorption of NH4+ by RBC and BWBC. Both kinetic and isotherm studies 
confirmed higher ammonium adsorption capacity for BWBC compared to RBC. Finally, breakthrough 
curve modeling using the Yoon-Nelson model showed the best fit in comparison with the Thomas and 
Adams-Bohart models in both synthetic and real wastewater samples. 
 RBC exhibited very low phosphate removal efficiency (less than 20%) due to its low anion-
exchange capacity, which results in low adsorption capacities when applied to media containing 
negatively charged ions such as phosphates. 
 All in all, results showed that RBC had promising results in removal of ammonium rather than 
phosphate from both synthetic and real wastewater, and modified BC (BWBC) has higher ammonium 
capacity than RBC. Hence, BWBC can be used as a greener and efficient ammonium adsorbent for 
wastewater treatment. 
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1 Introduction 
1.1 Overview 
Brown coal (BC) is an intermediary product between peat and black coal formed as a result of 
compaction and heat with time during the coalification process. Around 25% of the known brown coal 
reserves in the world are located in the Latrobe Valley in the state of Victoria, Australia, and mined in 
large quantities mainly for electricity generation (Fuchsman, 2012). Victorian brown coal is known for its 
low cost and distinguishing features such as low ash, sulphur, heavy metals, and nitrogen contents 
compared to brown coals of other geological origins (Brockway et al., 1991). 
Victorian BC is the main source of energy for electricity generation in Victoria (Li, 2004). Due to its 
high moisture content (40–70%), it generates large amounts of greenhouse gases when combusted. The 
dewatering process of brown coal prior to burning is a very costly process (Butler et al., 2007). The 
application of Victorian brown coal is likely to be beyond its direct combustion; it may be utilized in 
environmentally friendly applications such as fertilizers of high nitrogen and phosphorus content. 
The oxygen content of BC consists mostly of weakly acidic groups (i.e. carboxylic and phenolic 
compounds). The degree of dissociation of carboxylic and phenolic groups determines the surface 
charge of BC and is responsible for the ion-exchange process (Lafferty and Hobday, 1990a). BC has been 
used as an effective cation-exchanger in water and soil treatments to remove contaminants, particularly 
metal cations (Lafferty and Hobday, 1990a; Pusz, 2007; Lafferty and Hobday, 1990b; Havelcova et al., 
2009; Ucurum, 2009; Mohan and Chander, 2006; Arslan and Pehlivan, 2008; Wong et al., 1996). Other 
applications of BC, such as removal of dyes from industrial effluents (Qi et al., 2011; Hassani et al., 2014) 
and soil amendment to enhance different fertilizers uptake by plants (Schefe et al., 2008a), have also 
been reported. 
Water as the most important natural substance is becoming scarcer in many parts of the world  
due to climate change and population growth (Engle and Lemos, 2010). Therefore, water recycling 
technologies can play a pivotal role in supplying water for the agricultural, industrial, and domestic 
sectors. The presence of nutrients in wastewaters is also an environmentally undesirable phenomenon 
adversely affecting the quality of natural waters in the environment (Kronvang et al., 1993). In contrast, 
nutrients (i.e. ammonium and phosphate) are abundant in foods and fertilizers (Stewart et al., 2005).   
Therefore, the removal of excess nutrients from wastewater and their recycling for reuse is of 
high significance (Boyden and Rababah, 1996). Adsorption, or in a more specific way, ion-exchange 
techniques are among the most important techniques for nutrient recovery from wastewaters 
18 
 
(Malovanyy et al., 2013). As formerly mentioned, nutrient-saturated adsorbents/ion-exchangers may be 
applied in agriculture as fertilizers. Sorption technologies based on physical sorption and ion-exchange 
have found increasing application in various fields in the past few years (Fomina and Gadd, 2014). Most 
studies in this field have concentrated on the research of more effective and low-cost adsorbents 
(Mohan et al., 2014; Macdonald et al., 2015). 
Ion-exchange is a suitable method for the removal of ammonium (NH4+) from wastewater. 
Common ion-exchangers, such as zeolite have not used in large-scale applications because of their high 
cost and process complexities, which makes zeolite regeneration an ongoing challenge (Turan, 2016).  In 
such cases, BC is a cheap and effective ion-exchanger, where regeneration can be avoided and the 
product used directly in agriculture, thus serving as a good replacement for zeolites. Agricultural 
application of BC amends the soil quality by increasing its nutritional levels (Liu et al., 2011a; Schefe et 
al., 2008a). It also serves plants by minimizing the metal ions uptake due to its ironically active nature 
(Pusz, 2007). 
Despite various research studies conducted on selective metal ion-exchangers, there has been no 
documented study found on the application of brown coal as an ion-exchanger for the removal of 
nutrients, especially ammonium, from wastewaters. 
The main purpose of this research was to evaluate and improve the adsorption capacity and 
removal efficiency of Victorian brown coal in the context of nutrient removal from wastewater. In 
addition, brown coal was physicochemically characterized before and after alkaline treatment (base-
washed with NaOH for improving the adsorbent ion-exchange capacity). Kinetic and isotherm models 
were used to analyze and characterize the adsorption processes. Adsorption removal data acquired 
after application of Head Bead BBQ Briquettes (a commercial product of Victorian brown coal) to 
different wastewater samples, containing phosphate and ammonium, confirmed higher phosphate 
removal rate by the adsorbent compared to ammonium. This is due to the RBC’s strong cation-exchange 
capacity for the removal of positively charged ions such as ammonium and low anion-exchange 
efficiency when applied to negatively charged substances such as phosphates.  
1.2 Rationale 
This project evaluates the efficiency of BC for the removal of nutrients namely ammonium and 
phosphates from wastewater. The influence of alkaline treatment on the ion-exchange capacity of raw 
brown coal (RBC) was evaluated through different fixed-bed and batch tests.  
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The project elucidates the adsorption mechanisms involved in nutrient removal and determines 
the contribution of different adsorption mechanisms during the nutrient removal processes.  
Different kinetic and isotherm models were used to fit experimental data in order to ascertain 
which adsorption mechanism better described the adsorption of the nutrient ions onto RBC and base-
washed BC (BWBC).   
1.3 Aim 
The project aimed to: 
• Evaluate the ion-exchange efficiency of BC for the removal of nutrients from wastewater  
• Assess the physicochemical, morphological, crystallographic, and adsorptive properties of brown 
coal and its derivatives 
1.4 Objectives 
The basic idea of this research was to find a new application of brown coal in wastewater 
treatment industry, as an environmental friendly and readily available resource, in contrast to its current 
usage in combustion industry which emits huge amount of carbon dioxide to the atmosphere. As such, 
this project comprised of five major objectives:  
• Evaluation of removal performance of nutrients using untreated BC 
• Evaluation of adsorption capacity of RBC via a primary alkaline treatment 
• Fundamental study of chemical and physical characterizations of BC before and after Adsorption 
of nutrients from wastewater 
• Study of adsorption affinity of nutrients on BC in the presence of heavy metals in an aqueous 
media. 
• Characterization of adsorption kinetics and isotherm parameters via mathematical Modeling  
1.5 Research Questions 
The following questions need to be answered in order to achieve the above objectives: 
• Is it possible to use Victorian brown coal for nutrient removal from wastewater? 
• Can the adsorption capacity and ion-exchange efficiency of RBC be improved via alkalinisation? 
• How high is the nutrients removal efficiency of BC in the presence of metal ions in wastewater? 
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• Can the adsorption kinetics and isotherms associated with RBC and BWBC be mathematically 
modeled?  
1.6 Research Novelty and Contribution 
This research has focused on trialing new application of BC as a potential nutrients adsorbent. 
There are many studies using BC for the removal of metals, organic matter and dyes from water and soil, 
but there is no significant research on the application of BC for the effective removal of nutrients from 
wastewater. Improving the rate of ammonium removal via chemical treatment of BC and generation of 
its sodium form was achieved for the first time that adds up to the significance of the presented study.  
As another novel approach, there is a possibility of disposing exhausted BC (loaded with nutrients 
after adsorption) in agricultural lands as fertilizer. The application of BC for nutrient removal is an 
innovative idea and the successful application of this new knowledge can be highly helpful for 
environmental purposes, such as: 
• Reduction of carbon dioxide emission by using BC in waters and soil treatments. 
• Reduction of the amount of nutrients in water bodies. 
The selectivity of RBC for ammonium in the presence of metal ions such as, Na+, Mg2+ and K+ was 
investigated and the affinity order of cations was ascertained. Another novel aspect associated with this 
project is the enhancement of RBC adsorption capacity via chemical modification. In addition, the 
determination of the adsorption mechanism through examining the best fit with the available 
mathematical models is another highlight of this project. 
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1.7 Thesis Outline 
  
Chapter 1 This chapter explains the primary questions and incentives that led to the application, 
modification, and evaluation of Victorian brown coal as a potential adsorbent for 
removal of nutrients from wastewater. The aim of the research and the objectives along 
with an overview of the thesis structure are presented. 
Chapter 2 Environmental pollutants especially those available in wastewater are classified and 
the means for their removal are presented. The conventional nutrient removal 
methods are explained. The adsorption kinetics and isotherm models are discussed and 
further elucidated for ion-exchangers. The technologies for nutrients removal from 
wastewater were reviewed, and the physicochemical and characteristics of brown coal 
as a potential nutrients adsorbent were explained.  
Chapter 3 This chapter contains detailed information on the materials and techniques used for 
chemical modification of Victorian brown coal. The experimental setup for batch and 
column tests for removal of nutrients from wastewater are described. Different 
analytical methods including chemical (FTIR), crystallographic (XRD), morphological 
(SEM), elemental (SEM-EDS) in addition to surface area measurements (BET) and water 
quality assessments are presented. 
Chapter 4 This chapter consists of both batch and column test experiments for removal of ammonium 
from wastewater using raw and base-wash Victorian brown coal. Physicochemical 
characterisation of both raw and base-wash brown coal were performed before and after 
their addition to wastewater. The role of experimental conditions such as adsorbent, RBC, 
dose and the initial concentration of adsorbate, ammonium, on the RBC removal capacity is 
presented. The influence of different metal ions on the adsorption of ammonium onto RBC 
as well as RBC selectivity for different cations are discussed. In the end the phosphate 
removal efficincy using brown coal is investigated.  
Chapter 5 In this chapter, the process of ammonium (and not phosphate due to its low removal 
efficiency) removal by RBC was characterised by fitting isotherm models (Freundlich and 
Langmuir), kinetic models in batch system (Liquid Film Diffusion, Intra-Particle Diffusion, 
Pseudo-first-order Model, Pseudo-second-order Model), and breakthrough models in fixed-
bed column experiments (the Adams–Bohart, the Thomas, and the Yoon–Nelson) to 
experimental data. 
Chapter 6 This chapter presents a holistic conclusion of this thesis and suggests further work for the 
future. 
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2 Literature Review 
The use of brown coal has been questioned as its burning efficiency is lower compared to 
other coals (Butler et al., 2007). Its high water content imposes extra costs as it calls for the use of 
expensive and sometimes inefficient dewatering technologies (Karthikeyan et al., 2009). Although 
many studies on brown coal dewatering technologies have been conducted, the emission of carbon 
dioxide from coal is still of larger concern to the world economy and the environment in the long run 
(Höök and Tang, 2013). 
Climate change is one of the biggest challenges of the 21st century (Ragab and Prudhomme, 
2002). The ever-increasing demand for energy production in the largest economies of the world has 
led – and still leads – to the construction of coal-fired power plants worldwide (World Energy 
Council, 2013). The ubiquitous use of fossil fuels and, in particular, coal to generate energy is of 
great concern not only at the local scale (Chang et al., 2003; Zhao et al., 2008), but also globally 
(Dincer, 2000). In fact, the use of fossil fuels for energy generation has been condemned by the 
international scientific community (Höök and Tang, 2013; Rutledge, 2011) and the media (McGrath, 
2014) and the efficiency of such energy production processes has been questioned in several 
occasions (World Energy Council, 2013) – in special, the use of brown coal as a fuel (Li, 2004). 
Water pollution is another environmental challenge of similar magnitude yet to be solved 
around the world (Duda, 1993). The variety and quantity of water pollutants are astounding and, 
although many cleanup technologies have been developed, manufacturing costs are still a limiting 
factor (Ali and Gupta, 2006). As a result, inexpensive cleanup techniques, such as adsorption and 
ion-exchange are promising for the abatement of pervasive and persistent water pollutants (Ali et 
al., 2012). Incidentally, brown coal has been applied as a powerful adsorbent (Qi et al., 2011), which 
shows that it may have a more environmental friendly usage than its harmful mainstream 
application in combustion industries. 
Finally, the decline in arable land and the need for soil improvement may be the ultimate 
global challenge (Blaikie and Brookfield, 2015). As the human population grows exponentially while 
the food production grows linearly, great emphasis must be placed on the development of novel soil 
amelioration methods (Coale and Hoover, 2015). Also in this regard, brown coal may assist as dual-
purpose fertilizer acting both as a nutrient source or excess nutrient sink in the top soil thus 
preventing excess nutrient runoff to natural waters nearby (Hill and Lamp, 1980; Kwiatkowska et al., 
2008). 
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2.1 Environmental Pollutants  
Pollution is the sixth major cause of death across the world is therefore considered to be one 
of the biggest threats to the wellbeing of all humans (Jacobson, 2009).  
The rapid growth of the world population and the pursuit of material prosperity have 
generated a steady expansion in the industrial and agricultural productions in recent decades. 
Consequently, the associated rise in energy consumption and the accelerated generation of waste 
have increased the pressure on the natural environment, leading to changes in the composition of 
the atmosphere, soil and water.  
Pollution and contamination are used interchangeably to describe the introduction of man-
made substances that are harmful or poisonous to living organisms and ecosystems at certain 
concentrations. However, some of the most widespread environmental pollutions involves “natural” 
compounds such as carbon dioxide and nitrate fertilizers, which have – even though controversially 
(Vaidyanathan, 2014; Switkowski, 2011; McMahon, 2012; Johnson, 2009) – been classified as 
pollutants. Furthermore, pollution is not restricted to chemical or biological substances as it can also 
refer to other forms of contamination such as energy wastes (Van der Perk, 2013).  
Human activities also add other gases and solids to the atmosphere, resulting in changes in 
the atmospheric composition and climate. The air flows from one place to another, distributing 
pollutants across the oceans and beyond international borders. Water containing atmospheric 
pollutants added to the air by humans then moves from the atmosphere to the surface of the land in 
the form of rain. Once on the ground, water reacts with minerals present in rocks via a process 
known as chemical weathering, resulting in the gradual formation of soil particles in the presence of 
plants (Jenny, 1994).  
Depending on the chemical nature of pollutants (pH, ionic strength, etc) and on the 
composition of the soil (igneous or sedimentary, pH, salinity, etc) pollutants may be retained by the 
soil or leached through the water that percolates through the soil particles (Smith et al., 1999). The 
solvated elements eventually make their way into the water table and rivers, where dissolved 
pollutants and suspended material derived from human-accelerated erosion accumulate.  
2.1.1 Air Pollutants 
In addition to numerous acute and chronic health problems caused by air pollutants, global 
warming is another side-effect caused by certain pollutants, including carbon dioxide, particles of 
fossil-fuel/biofuel, soot, methane halocarbons, nitrous oxide gas, and tropospheric ozone 
(Vaidyanathan, 2014). Climate change mitigation will only be in effect when the amount of current 
greenhouse gases, emissions and soot particles are cut down by 80%. The main cause of pollution 
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and global warming are exhaust emissions resulting from the combustion of solid (e.g. coal or brown 
coal) and liquid fuels during energy production. The undeniable role of the energy sector in either 
mitigating or exacerbating global warming calls for major revisions in the current environmental laws 
and policies (Jacobson, 2009).  
Low rank coals commonly known as brown coals have long been counted as one of the 
abundantly available solid combustibles used by the energy sector. However, the high water content 
of brown coal adversely affects the pyrolysis, liquefaction, gasification, and combustion processes, 
and imposes a considerable environmental risk due to the production of carbon dioxide and other 
greenhouse gases during combustion (Yu et al., 2013). Many studies have focused on the removal of 
water from brown coal (dewatering) to reduce the amount of carbon dioxide emissions (Jangam et 
al., 2011; Hoehne et al., 2009; Karthikeyan et al., 2009), however without any cost-effective methods 
or solutions (Yu et al., 2013).  
2.1.2 Water Pollutants 
The quality of natural waters – surface and ground – can be adversely affected by both point 
sources and non-point sources of pollution such as clandestine municipal and industrial wastes, the 
application of fertilizers or pesticides to crops and arable land and even airborne toxic pollution 
(Duda, 1993). Phosphate and ammonium from agricultural fertilizers are among the most ubiquitous 
contaminants (Duda, 1993). As an example, sludge from municipal effluent usually contains 
ammonium in concentrations as high as 2 kg m−3 (Strous et al., 1997). Phosphorus and nitrogen 
contaminants in the form of phosphates and ammonia in primary, secondary and tertiary effluents 
are shown in Table 2.1 below: 
Table 2.1: Typical ammonia and phosphate concentrations (mg L-1) in municipal wastewater (DOA, 
1987) 
Parameter Average raw wastewater Primary (1) Secondary (2) Tertiary 
(3) (4) (5) 
Ammonia (N) 25 25 28 3 3 3 
Phosphate (P) 20 18 14 13 2 1 
Note: (1) Screening, (2) Biological reactor and intermittent lagoon aeration, (3 – 5) Alum stages for P removal and chlorine 
attack for antimicrobial/disinfecting treatment. 
 
The primary treatment involves screening and girt removal. The second treatment involves 
biological reactor and intermittent lagoon aeration. Apart from removing inorganic contaminant, 
three stages in Tertiary treatment represent Alum stage for P removal and chlorine attack for 
antimicrobial/disinfecting treatment. The presence of harmful pollutants and excess nutrients in 
water not only increases catchment-to-consumer monitoring and water treatment costs, but also 
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exerts additional environmental pressure on entire ecosystems, sometimes culminating in long-term 
environmental and financial losses (Carpenter et al., 1998; Smith et al., 1999).  
Rivers transport a variety of man-made chemicals, such as nitrogenous fertilizers and eroded 
materials to the oceans, where a cascade of adverse chemical and biological processes such as 
eutrophication may occur. Eutrophication is a phenomenon in which algae and other aquatic plants 
feed off nutrient-rich (phosphorus and nitrogen) waters and overcrowd the surface of rivers and 
ponds blocking the sunlight and encouraging the anaerobic decomposition of excess plant matter in 
anoxic waters, thus resulting in dramatic changes in water quality and losses of aquatic life 
(Carpenter et al., 1998). 
Currently, the regenerative capacity of ecosystems ultimately depends on their resilience to 
excessive nutrient loading as human intervention does not often include nutrient removal (Berner 
and Berner, 2012). 
As a result, novel water treatment methods have been developed and treatment processes 
optimized and intensified in order to deal with increasing volumes of excess nutrients and other 
pollutants (Huang et al., 2008; Tang et al., 2013; Zhang et al., 2014).  
2.1.3 Soil Pollutants 
Soil is one of the most important media for nutrient exchange, and its pollution adversely 
affects animals, plants, and humans (Chatrchyan et al., 2008). Conditions such as neurotoxicity, 
reproductive toxicity, immunotoxicity, teratogenesis, and carcinogenesis have been linked to the 
consumption of foods derived from soils containing large concentrations of soil pollutants (Pringle 
and Rondinelli, 1998).  
After natural disasters, the contaminants generated through human activities such as the 
application of fertilizers and pesticides, combustion of fossil fuels, metallurgy, landfilling, irrigation 
using waste water, traffic, and mining impose some of the most devastating impacts on soil quality 
and public health (Akimoto, 2003). All these activities increase the level of metal pollutants such as 
As, Cd, Cr, Cu, Hg, Ni, Pb, Sr, and Zn in the soil, which are detrimental to the soil quality (Nriagu and 
Pacyna, 1988). Liu et al. conducted a comprehensive research on the relationship between the level 
of metal contaminants and different anthropogenic activities  (Liu et al., 2011b).  
Soil treatment processes are costly and lengthy and can fall into different categories 
depending on the source of pollution. For instance, a range of biological, physical-chemical and 
thermal treatments have been proposed for the ex situ and in situ removal of contaminants from 
soils (Pavel and Gavrilescu, 2008). However, these treatments may be either slow (biological) or may 
compromise the soil quality (thermal desorption and chemical oxidation) (Sirguey et al., 2008).  
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As a result, soil remediation methods that also promote soil amelioration are seen as highly 
desirable alternatives. Natural adsorbents and ion-exchangers such as brown coal, also known as 
lignite, have been reported as promising soil amenders due to their ion-exchanging potential. A 
seven-year-long investigation conducted by Kwiatkowska et. al. (Kwiatkowska et al., 2008) found 
that the application of brown coal can add more aromatic character to the soil by increasing the 
carboxyl groups, carbon, and humic acid content. These features, along with its ion-exchanging 
ability and limiting effect on the phytotoxicity of soils, make brown coal a good candidate for soil 
restoration (Pusz, 2007).  
2.2 Nutrients in Wastewater 
Nitrogen and phosphorus are the main nutrient pollutants acting as fertilisers and promoting 
the undesirable growth of algae, which is the primary cause of eutrophication or hypertrophication 
responsible for the depletion of oxygen in water and the killing of aquatic animals. Nutrients can 
migrate from the land in places where fertilisers, phosphate-containing detergents, and sewage are 
discharged into aquatic systems (Minnis, 2009; Smith et al., 1999). Phosphorus is the key nutrient 
causing the eutrophication of waters. As an example, in Canada, the total level of phosphorus in 
treated municipalities effluent is regulated and required to be below 1 mg L-1 (Oleszkiewicz et al., 
2015).  
Despite the adverse effects of the presence of excess nutrients on water quality, phosphorus 
and nitrogen are essential elements for forming the building blocks of living things. The weight 
contribution of phosphorus in our body is 1% and its derivatives play vital biological roles. For 
example, phospholipids are the major components that form the cell membranes and the molecule 
adenosine triphosphate (ATP) is responsible for energy production and storage. Nitrogen is one of 
the major components found in amino acids in proteins and body tissues (Minnis, 2009). The 
presence of nitrogen in soil significantly improves the growth of plants and crop quality and yield 
(Jenny, 1994).  
Known sources of phosphorus are anticipated to be depleted within the next one-hundred 
years (Oleszkiewicz et al., 2015). Therefore, the recovery of phosphorus from wastewater can prove 
to be a promising solution to future nutrient shortages. The extraction of phosphorus or nitrogenous 
compounds from wastewater has been explored in the literature. The application of synthetic ion 
exchangers (zeolites) in the recovery of nutrients is a well-known approach (Hedström, 2001); 
however, due to high production and recovery costs associated with zeolites, many studies have 
focused on natural ion-exchangers such as brown coal as promising alternatives.  
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P and N concentration in raw municipal wastewater varies between 4 and 20 mg TP L-1 and 
between 30 and 100 mg TN L-1, respectively. And in side-streams, it ranges between 30 and 250 mg 
TP L-1, for the phosphorus, and between 200 and 2000 mg TN L-1, for the nitrogen. Figure 2.1 shows 
the major stages in nutrient recovery and reuse (Oleszkiewicz et al., 2015).  
 
Figure 2.1: Conventional removal, release and recovery of nutrients in industry  
(Oleszkiewicz et al., 2015)  
2.3  Conventional Wastewater Treatment Stages 
Municipal wastewater must either be reused or be returned to the land of its origins. The 
water treatment process involving nutrient removal (phosphorus and nitrogen) normally consists of 
the stages shown in Table 2.2 (Metcalf et al., 2003). 
Table 2.2: Treatment stages of municipal wastewater effluents 
Treatment Stage Description 
Preliminary Removal of solid constituents such as grit, rags, grease, and plants parts to as an initial 
treatment and to avoid operational flaws that may affect ancillary systems and 
treatment processes.  
Primary Partial removal of the suspended organic and solid matter via physical treatment 
Advanced 
Primary 
Efficient removal of suspended solids and organic matter, which is normally feasible 
through chemical treatment and/or filtration 
Secondary Removal of solids and biodegradable organic matter in the solution or suspended 
forms from wastewater through both physical phase separation and biological process 
Advanced Elimination of nutrients (phosphorus and nitrogen) and the remaining suspended solids 
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Secondary and biodegradable organics via biological process 
Tertiary Elimination of suspended solids remaining after the secondary stage via filtration and 
disinfection via chemical treatment 
Advanced 
Tertiary 
Removal of remaining solid and suspended contaminants after biological treatment via 
both biological and chemical treatments 
 
As a reference, according to the imperative issued by the Colorado Department of Public 
Health and Environment, Water Quality Control Commission, the annual median level of all domestic 
wastewater samples after treatment after 31th of May 2012 has to be below 0.7 mg L-1 for 
phosphorus and less than 7 mg L-1 for nitrogen, which can be in the form of ammonium, ammonia, 
and nitrates (COMMISSION, 2012). In a separate study summarized in Table 2.3, Sperling (von 
Sperling 1996) reviewed the efficiencies of nitrogen and phosphorus removal in different municipal 
wastewater treatment systems. 
Table 2.3: Typical characteristics of the main wastewater treatment systems 
 (Von Sperling 1996) 
 Treatment Systems Removal Efficiencies (%) 
N P 
Preliminary treatment ∼0 ∼0 
Primary treatment 10–25 10–20 
Facultative pond 30-50 20–60 
Anaerobic pond/Facultative pond 30-50 20–60 
Facultative aerated lagoon 30-50 20–60 
Completely mixed Aerated sediment pond 30-50 20–60 
Conventional activated Sludge 30–40 30-45 
Extended aeration (continuous flow) 15-30 10-20 
Sequence batch reactor 30-40 30-45 
Low rate trickling filter 30-40 30-45 
High rate trickling filter 30-40 30-45 
Up-flow anaerobic sludge Blanket reactor 10-25 10-20 
Septic tank-anaerobic filter 10-25 10-20 
Slow rate infiltration 65-95 75-99 
Rapid infiltration 10-80 30-99 
Subsurface infiltration 10-40 85-95 
Overland flow (depending on the lands specifications) 10-80 20-50 
 
Adsorption-based technologies are often used to remove pollutants and excess nutrients from 
wastewater during wastewater treatment. Moreover, the choice of adsorbent is crucial for achieving 
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high removal rates. Some of the most commonly used adsorbents employed in the removal of 
organic and ionic pollutants from wastewater are clay minerals (Crini 2006), bio-materials (Crini 
2005), activated carbon (Pollard, Fowler et al. 1992), zeolites (Babel and Kurniawan 20), and 
potential industrial wastes (Wang and Wu 2006, Wang, Ang et al. 2008). The application of brown 
coal in removal of metal ions from wastewater has been vastly studied in the literature (Lafferty and 
Hobday, 1990a; Brown et al., 2000; Lafferty and Hobday, 1990b; Janoš et al., 2003; Eligwe and 
Okolue, 1994; Wang et al., 2008; Gode and Pehlivan, 2005). 
2.4 Adsorption for Environmental Remediation 
Adsorption is one of the most widely applied environmental remediation techniques around 
the world as it enables the removal of a variety of chemical species from the liquid or gas phase (Qiu 
et al., 2009). Adsorption is the phenomenon through which chemical species (adsorbate) in the 
liquid or gas phase physically (physisorption) or chemically (chemisorption) adhere to a solid surface 
(adsorbent) (Srivastava and Eames, 1998). Adsorption is, therefore, considered an important process 
in the field of separation technology (Khan, 2012).  
The adsorption phenomenon occurs in the following stages (Qiu et al., 2009): 
1. Liquid Film Diffusion: the adsorbate diffuses through the boundary layer and reaches the 
external surface of the adsorbent 
2. Intra-particle diffusion: the adsorbate diffuses into the interior of the adsorbent through  
a. Pore diffusion in the liquid state without adsorption 
b. Surface diffusion along the internal surface in the absorbed state  
3. Adsorption/Desorption: effective contact of the adsorbate on to the active sites of the 
absorbent. 
Effective contact in physisorption is reversible as it occurs through intermolecular forces, as 
opposed to chemisorption which involves intramolecular forces and is dependent on the value of the 
adsorption enthalpy, which is lower (physisorption) or greater (chemisorption) than 50 kJ mol-1 
(Worch, 2012). 
The following sections describe the most conventional methods used for the characterization of 
adsorption systems through the mathematical modeling of isotherm and kinetic parameters. 
2.4.1 Adsorption Isotherm Modeling 
Adsorption isotherm modeling is a resourceful tool that may be used in conjunction with 
laboratory experiments to evaluate and optimize adsorption performance, elucidate mechanism 
pathways and predict adsorbent capacity for the effective design of adsorption systems (Chen, 
2015). 
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Adsorption isotherm models are equations used to model the adsorption of adsorbates onto 
adsorbents and their desorption into solution under constant temperature and pH at equilibrium 
(Foo and Hameed, 2010) and therefore provide fundamental information on the adsorption process 
(Saadi et al., 2015). The performance of an adsorbent can be evaluated through a series of 
experimental tests in the laboratory combined with mathematical modeling (Xu et al., 2013). The 
most widely used adsorption isotherm models are the Langmuir and the Freundlich models, all of 
which are two-parameter isotherms (Dada et al., 2012). 
2.4.1.1 Langmuir Isotherm Model 
The Langmuir Isotherm model describes the unhindered monolayer adsorption of an 
adsorbate onto a limited number of homogeneous adsorbent sites, each with the same enthalpy, 
adsorption activation energy and affinity for the adsorbate (Kundu and Gupta, 2006; Pérez-Marín et 
al., 2007; Vijayaraghavan et al., 2006). 
The Langmuir isotherm model is one of the most popular models as it fits both reversible and 
irreversible adsorption in a simplistic way (Xu et al., 2013). The Langmuir isotherm model can be 
linearized into four different types (Equation 2.1, Equation 2.2,Equation 2.3, and Equation 2.4): 
𝐶𝐶𝑒𝑒
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= 𝐾𝐾𝐿𝐿𝑞𝑞𝑚𝑚 + 𝐾𝐾𝐿𝐿𝑞𝑞𝑒𝑒 Equation 2.4 
Where: 
𝑞𝑞𝑒𝑒 = equilibrium adsorption capacity (mg g-1) 
𝑞𝑞𝑚𝑚 = maximum adsorption capacity (mg g-1) 
𝐾𝐾𝐿𝐿= Langmuir’s constant (L mg-1) 
𝐶𝐶𝑒𝑒 = equilibrium concentration (mg L-1) 
Equation 2.1 is the most commonly used Langmuir isotherm model in the literature due to 
minimal deviations from the fitted equation. KL and qm may be obtained by plotting (Ce/qe) against 
Ce, with larger KL values indicating higher adsorption energies (Chen, 2015). In addition, the 
equilibrium parameter RL is a dimensionless constant referred to as separation factor or equilibrium 
parameter commonly employed to predict the adsorption efficiency and usability of the Langmuir 
equation (Saadi et al., 2015). RL may be expressed as shown in Equation 2.5 below: 
𝑅𝑅𝐿𝐿 = 11+𝐾𝐾𝐿𝐿𝐶𝐶0  Equation 2.5 
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RL values ranging from 0 < RL < 1 indicate favorable adsorption, whereas RL > 1, RL = 1, and RL = 0 
indicate unfavorable, linear, and irreversible adsorption processes, respectively (Saadi et al., 
2015).The linear forms of the isotherm models are often used due to their mathematical simplicity. 
2.4.1.2 Freundlich Isotherm Model 
The Freundlich isotherm model describes the multilayer adsorption of an adsorbate of varied 
enthalpy, activation energy and affinity onto a heterogeneous adsorbent - this flexibility makes it 
one of the most commonly used isotherm models frequently used to predict the adsorption 
behavior of organic compounds onto reactive matters (Foo and Hameed, 2010; Xu et al., 2013). The 
non-linear expression of the Freundlich isotherm model is shown as Equation 2.6 (Chen, 2015; Saadi 
et al., 2015): 
𝑞𝑞𝑒𝑒 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒1 𝑛𝑛𝐹𝐹⁄   Equation 2.6 
Where: 
𝑞𝑞𝑒𝑒 = equilibrium adsorption capacity (mg g-1) 
𝐾𝐾𝐹𝐹= Freundlich’s affinity constant (L g-1) 
𝐶𝐶𝑒𝑒 = equilibrium concentration (mg L-1) 
𝑛𝑛𝐹𝐹 = Freundlich heterogeneity factor 
KF is a measure of adsorption capacity, whereas (1/nF) is a function of the adsorption strength 
in the adsorption process (Dada et al., 2012). Favorable chemisorption occurs if 0 < (1/nF) < 1, 
however unfavorable adsorption occurs if (1/nF) > 1. Both heterogeneity and non-linearity increase 
as (1/nF) → 0 and between 0 < (1/nF) < 0.1 the adsorption isotherm approaches irreversibility. 
Because such an equation does not approach Henry’s law at low concentrations, it is not able to 
provide a good fit for adsorption data (Dada et al., 2012; Foo and Hameed, 2010; Saadi et al., 2015). 
The linear form of the Freundlich isotherm model is shown in Equation 2.7, and by plotting ln(qe) 
against ln(Ce), the Freundlich constants KF and nF can be determined (Chen, 2015). ln𝑞𝑞𝑒𝑒 = ln𝐾𝐾𝐹𝐹 + 1𝑛𝑛𝐹𝐹 ln𝐶𝐶𝑒𝑒 Equation 2.7 
Among all two-parameter monolayer adsorption isotherm models, the Freundlich model was 
found to be the most suitable to describe the adsorption of different adsorbates in aqueous solution 
(Alver and Metin, 2012; Liu and Wang, 2013; Ringot et al., 2007; Sharififard et al., 2012; Singha and 
Das, 2013; Thilagavathy and Santhi, 2014). 
2.4.2 Adsorption Kinetic Modeling 
Adsorption kinetic models are equations used to evaluate the performance of an adsorbent by 
taking into account a variety of factors that affect the overall rate of adsorption of the adsorbate 
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onto the adsorbent at the equilibrium state. More specifically, kinetic models describe how the 
reaction rate varies as a function of the reactant concentration (Iakovleva and Sillanpää, 2013). 
According to Qiu, Lv et al 2009, there are two major types of adsorption kinetic models: 
adsorption diffusion and adsorption reaction. Adsorption diffusion models consider three major 
variables: diffusion across the liquid film, intra-particle diffusion, and adsorption/desorption 
between the adsorbate and the active sites – as per the fundamentals of the adsorption 
phenomenon described in Section 2.4. Adsorption reaction models, on the other hand, consider the 
reaction kinetics. 
2.4.2.1 Adsorption Diffusion Models 
The equations described in this section take into account the process of liquid film diffusion or 
intra-particle diffusion to model the kinetics of adsorption. The liquid film diffusion model describes 
the rate of mass transfer of the adsorbate across the liquid film as a function of the adsorbent 
radius, the thickness of the liquid film and its effective liquid diffusion coefficient, whereas the intra-
particle diffusion model describes the rate of intra-particle diffusion as a function of the intra-
particle diffusion half-life instead of the adsorbate contact time with the adsorbent surface. 
2.4.2.1.1 Liquid Film Diffusion Model 
The mass balance law predicts that the rate of solute transfer across the liquid film is equal to 
the rate of solute accumulation in the solid phase in liquid-solid adsorption processes. The rate of 
solute uptake onto solid particles is expressed as 𝑉𝑉𝑝𝑝(𝜕𝜕𝑞𝑞� 𝜕𝜕𝜕𝜕⁄ ), where 𝑞𝑞�  is the average solute 
concentration in the solid, and Vp is the particle volume (cm3). The rate of solute transfer across the 
liquid film is proportional to the surface area of the particle (cm2), As, and the driving force of the 
concentration (C−Ci). Therefore, the rate of solute uptake may be calculated using Equation 2.8 
below (Qiu et al., 2009): 
𝑉𝑉𝑝𝑝 �
𝜕𝜕𝑞𝑞�
𝜕𝜕𝜕𝜕
� = 𝐾𝐾𝑓𝑓𝐴𝐴𝑠𝑠(𝐶𝐶 − 𝐶𝐶𝑖𝑖)  Equation 2.8 
where Kf corresponds to the film mass transfer coefficient (cm/min), Ci and C correspond to the 
concentration of solute at the particle/liquid interface and in the bulk of the liquid far from the 
surface (mg L-1), respectively. Equation 2.8 can be rearranged to Equation 2.9: 
𝜕𝜕𝑞𝑞�
𝜕𝜕𝜕𝜕
= 𝐾𝐾𝑓𝑓 𝐴𝐴𝑠𝑠𝑉𝑉𝑝𝑝 (𝐶𝐶 − 𝐶𝐶𝑖𝑖)  Equation 2.9 
where (As/Vp) corresponds to the particle surface area per unit particle volume, which can also be 
called S0 and expressed as: 
𝜕𝜕𝑞𝑞�
𝜕𝜕𝜕𝜕
= 𝐾𝐾𝑓𝑓𝑆𝑆0(𝐶𝐶 − 𝐶𝐶𝑖𝑖)  Equation 2.10 
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Equation 2.10 – also referred to as a “linear driving force” rate law – is used to describe mass 
transfer through the liquid film. 
Boyd et al.(1947) also proposed a film diffusion mass transfer rate (Equation 2.11 and 
Equation 2.12) (Boyd et al., 1947): ln �1 − 𝑞𝑞𝑡𝑡
𝑞𝑞𝑒𝑒
� = −𝑅𝑅1𝜕𝜕  Equation 2.11 
𝑅𝑅1 = 3𝐷𝐷𝑒𝑒1
𝑟𝑟0∆𝑟𝑟0𝑘𝑘′
  Equation 2.12 
where R1 (min−1) is the liquid film diffusion constant, De1 (cm2 min-1) is the effective liquid film 
diffusion coefficient, r0 (cm) is the radius of the adsorbent beads, Δr0 (cm) is the thickness of the 
liquid film, and k′ is the adsorption constant at equilibrium. If the rate-limiting step is film diffusion, a 
plot of ln(1 − qt/qe) versus t should result in a straight line of slope – R1. 
Cooney et al (1998) developed another commonly used film diffusion model described by 
Equation 2.13: ln �𝐶𝐶𝑡𝑡
𝐶𝐶0
� =  −𝐾𝐾𝑓𝑓 𝐴𝐴𝑠𝑠𝑉𝑉𝑝𝑝 𝜕𝜕  Equation 2.13 
where Ct (mg L-1) is the concentration at time t, and Co (mg L-1) is the initial concentration. 
The dimensionless Biot number (𝐵𝐵𝐵𝐵) can be calculated as a ratio of the mass transfer 
resistance in the solid, Kf, over the mass transfer resistance, Ds, in the liquid where d is the 
characteristic length of the adsorbent (cm) (Equation 2.14): 
𝐵𝐵𝐵𝐵 = 𝐾𝐾𝑓𝑓𝑑𝑑
𝐷𝐷𝑠𝑠
  Equation 2.14 
Film diffusion mass transfer rate equations have been successfully applied to model several 
liquid/solid adsorption processes such as the adsorption of phenol by a polymeric adsorbent under 
different conditions (Meng, 2005). 
2.4.2.1.2 Intra-Particle Diffusion Model 
Weber-Morris found that, in many adsorption processes, the rate of solute uptake is 
proportional to the half-life (t1/2) rather than the contact time t (Equation 2.15) (Qiu et al., 2009): 
𝑞𝑞𝜕𝜕 = 𝐾𝐾𝑖𝑖𝑛𝑛𝜕𝜕𝜕𝜕1 2� + 𝐶𝐶  Equation 2.15 
Where: 
𝑞𝑞𝜕𝜕 = adsorption capacity (mg g-1) 
𝑘𝑘𝑖𝑖𝑛𝑛𝜕𝜕 = intra-particle diffusion coefficient (mg g-1 h-1/2) 
𝜕𝜕1/2 = half-life (h) 
𝐶𝐶 = intra-particle diffusion constant (mg g-1) 
According to Equation 2.15, a plot of qt versus t1/2 should result in a straight line with slope Kint 
passing through the origin when intra-particle diffusion is the rate-limiting step. However, this is not 
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always the case as adsorption kinetics may be simultaneously controlled by film diffusion and intra-
particle diffusion. Hence, the intercept values provide valuable information regarding the thickness 
of the boundary layer – i.e. the larger the intercept the greater the boundary layer effect (Widiastuti 
et al., 2011). 
2.4.2.2 Adsorption Reaction Models 
Kinetic models have been used to evaluate experimental data and investigate how mass 
transport and reaction rates affect the mechanism and rate-determining steps of adsorption 
processes. These kinetic models include pseudo-first order, pseudo-second order and Elovich’s 
equation (Ho and McKay, 1998). 
Pseudo-first-order and Pseudo-second-order models can be used to model the kinetics of 
single-site and two-site adsorption, respectively, as a function of the rate of reaction of the 
adsorbate with the surface of the absorbent irrespective of the adsorbate concentration.  
Pseudo-second order models are commonly used to predict the chemisorption through 
covalent bonding or ion-exchange (Ho, 2006). However, in solution systems where the solute 
concentration of adsorbate must be accounted for, second-order models may be used to model 
adsorption kinetics.  
Pseudo-First-Order Rate Equation 
In 1898, Stan Lagergren developed the most commonly used kinetic model to describe the 
kinetics of liquid-solid phase adsorption (Lagergren, 1898). Also referred to as the Pseudo-first-order 
rate equation, Lagergren’s equation is believed to be the earliest kinetic model to correlate the rate 
of adsorption to adsorption capacity (Equation 2.16) (Qiu et al., 2009): 
𝑑𝑑𝑞𝑞𝑡𝑡
𝑑𝑑𝜕𝜕
= 𝐾𝐾𝑝𝑝1(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝜕𝜕)  Equation 2.16 
Where: 
𝑞𝑞𝑒𝑒 = adsorption capacity at equilibrium (mg g-1) 
𝑞𝑞𝜕𝜕 = adsorption capacity at time t (mg g-1) 
𝜕𝜕 = time (min) 
𝐾𝐾𝑝𝑝1 = pseudo-first-order rate constant (min−1).  
Integrating Equation 2.16 at the boundary conditions (qt=0 at t=0 and qt=qt at t=t) results in 
Equation 2.17 (Qiu et al., 2009; Widiastuti et al., 2011): ln � 𝑞𝑞𝑒𝑒
𝑞𝑞𝑒𝑒−𝑞𝑞𝑡𝑡
� = 𝐾𝐾𝑝𝑝1𝜕𝜕 → ln(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝜕𝜕) = ln 𝑞𝑞𝑒𝑒 − 𝐾𝐾𝑝𝑝1𝜕𝜕  Equation 2.17 
which can be rearranged to Equation 2.18: 
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log(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝜕𝜕) = log𝑞𝑞𝑒𝑒 − 𝐾𝐾𝑝𝑝12.303 𝜕𝜕  Equation 2.18 
Lagergren’s first order rate equation was called pseudo-first-order in order to distinguish 
between kinetic equations based on adsorption capacity from those based on solution concentration 
(Qiu et al., 2009). 
The equation applicable to experimental results generally differs from a true first-order 
equation in two ways: 
The parameter Kp1 (qe - qt) does not represent the number of available sites; 
The parameter log(qe) is an adjustable parameter and often has a different intercept from a 
plot of log(qe - qt) versus t, whereas for a true first-order equation the intercept for these two plots 
coincide. 
To fit Equation 2.18 to experimental data, the equilibrium sorption capacity, qe, must be 
known. In many cases qe is unknown and, as chemisorption tends to become immeasurably slow, 
the amount adsorbed is significantly smaller than the equilibrium amount. In most cases in the 
literature, Lagergren’s pseudo-first-order rate equation does not provide a good fit to experimental 
data during the entire range of contact time and is generally only applicable to the initial 20 - 30 
minutes of the sorption process. Furthermore, experimental data must be extrapolated to t →∞, or 
qe treated as an adjustable parameter to be determined by trial and error. Hence, it is necessary to 
use trial and error to obtain the equilibrium sorption capacity, qe, to analyze pseudo-first order 
model kinetics.  
Pseudo-Second-Order Rate Equation 
Ho and McKay first described the kinetics of cation-exchange capacity of divalent metal ions 
onto polar functional groups found on peat (Ho and McKay, 1998). Equation 2.19 and Equation 2.20 
show the adsorption of Cu2+ ions onto active sites on peat (deprotonated P- and protonated HP) 
(Coleman et al., 1956): 2𝑃𝑃− + 𝐶𝐶𝐶𝐶2+ ↔ 𝐶𝐶𝐶𝐶𝑃𝑃2  Equation 2.19 
and  2𝐻𝐻𝑃𝑃 + 𝐶𝐶𝐶𝐶2+ ↔ 𝐶𝐶𝐶𝐶𝑃𝑃2 + 2𝐻𝐻+  Equation 2.20 
Equation 2.19 and Equation 2.20 assume second-order adsorption in which the rate-limiting 
step is a function of the intra and/or intermolecular forces between the peat and divalent metal ions 
(Ho and McKay, 2000). In this case, the adsorption follows the Langmuir equation (Ho and McKay, 
2000). 
The rate of adsorption can be calculated as a function of the amount of divalent metal ions on 
the surface of the peat at time t and at equilibrium (Equation 2.21) (Qiu et al., 2009): 
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𝑑𝑑(𝑃𝑃)𝑡𝑡
𝑑𝑑𝜕𝜕
= 𝐾𝐾𝑝𝑝2[(𝑃𝑃)0 − (𝑃𝑃)𝜕𝜕]2  Equation 2.21 
Or can be shown as Equation 2.22: 
𝑑𝑑(𝐻𝐻𝑃𝑃)𝑡𝑡
𝑑𝑑𝜕𝜕
= 𝐾𝐾𝑝𝑝2[(𝐻𝐻𝑃𝑃)0 − (𝐻𝐻𝑃𝑃)𝜕𝜕]2  Equation 2.22 
Where: 
(P)0 or (Donnert et al.)0 = available sites at equilibrium 
(P)t or (Donnert et al.)t = occupied active sites at time t 
𝐾𝐾𝑝𝑝2 = pseudo-second-order rate constant of adsorption (g (mg min)-1). 
As (qe−qt) is proportional to the available fraction of active sites, Equation 2.22 yields: 
𝑑𝑑𝑞𝑞𝑡𝑡
𝑑𝑑𝜕𝜕
= 𝐾𝐾𝑝𝑝2[𝑞𝑞𝑒𝑒 − 𝑞𝑞𝜕𝜕]2  Equation 2.23 
Rearranging Equation 2.23 gives: 
𝑑𝑑𝑞𝑞𝑡𝑡(𝑞𝑞𝑒𝑒−𝑞𝑞𝑡𝑡)2 = 𝐾𝐾𝑝𝑝2𝑑𝑑𝜕𝜕  Equation 2.24 
Integrating Equation 2.24 at the boundary conditions (qt=0 at t=0 and qt=qt at t=t) results in 
Equation 2.25: 
1(𝑞𝑞𝑒𝑒−𝑞𝑞𝑡𝑡) = 1𝑞𝑞𝑒𝑒 + 𝐾𝐾𝑝𝑝2𝜕𝜕  Equation 2.25 
which can be rearranged into Equation 2.26: 
𝜕𝜕
𝑞𝑞𝑡𝑡
= 1
𝑉𝑉0
+ 1
𝑞𝑞𝑒𝑒
𝜕𝜕  Equation 2.26 
and Equation 2.27: 
𝑉𝑉0 = 𝑘𝑘𝑝𝑝2𝑞𝑞𝑒𝑒2  Equation 2.27 
Where:  
𝑉𝑉0 = initial adsorption rate (mg (g min)-1) 
𝐾𝐾𝑝𝑝2 = pseudo-second-order rate constant of adsorption (g (mg min)-1) 
𝑞𝑞𝑒𝑒 = adsorption capacity at equilibrium (mg g-1). 
The constants can be determined experimentally by plotting (t/qt) versus t. 
Ho’s second-order rate equation is called pseudo-second-order rate equation to distinguish 
kinetic equations based on adsorption capacity from equations based on solution concentration (Ho, 
2006). 
The second-order rate equation for solution systems is described by Equation 2.28 
(Mahramanlioglu et al., 2002). 
𝑑𝑑𝐶𝐶𝑡𝑡
𝑑𝑑𝜕𝜕
= −𝐾𝐾2𝐶𝐶𝜕𝜕2  Equation 2.28 
Equation 2.29 results from Integrating at the boundary conditions (Ct=0 at t=0 and Ct=Ct at t=t) 
(Mahramanlioglu et al., 2002):  
1
𝐶𝐶𝑡𝑡
= 𝐾𝐾2𝜕𝜕 + 1𝐶𝐶𝑒𝑒  Equation 2.29 
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Where: 
𝐶𝐶𝑒𝑒 = concentration of solute at equilibrium (mg L-1) 
𝐶𝐶𝜕𝜕 = concentration of solute at time t (mg L-1) 
𝜕𝜕 = time (min) 
𝐾𝐾2 = rate constant (L (mg min)-1) 
2.4.2.3 Adsorption Kinetic Models in Batch Systems 
The classic adsorption kinetic models described in 2.4.2 may be used to model adsorption in 
batch systems where fixed volumes or masses of adsorbent and adsorbate are in equilibrium and the 
initial concentration of adsorbate is known (Seidel-Morgenstern, 2004). Batch systems feature the 
static adsorption of adsorbate onto fixed amounts of adsorbent in closed systems (Xu et al., 2013).  
The adsorption kinetic Modeling isotherm data of batch systems often matches that of flow-
through systems (Bond and Phillips, 1990; Maclntyre et al., 1991). However, Limousin, Gaudet et al. 
(2007), warn of the disadvantages of using batch systems and their models as the 
adsorbate/adsorbent ratios used in these experiments often fail to reflect the conditions of natural 
porous media. Finally, these authors acknowledge that the batch method is suitable as a preliminary 
experiment. 
2.4.2.4 Adsorption Kinetic Models in Fixed-Bed Column Systems 
Fixed-bed column systems feature dynamic adsorption of varying volumes of adsorbate onto a 
fixed mass of adsorbent packed into a continuously flowing system (Xu et al., 2013). As a result, very 
few kinetic reaction and isotherm models are available to describe and predict fixed-bed column 
adsorption as adsorption in these systems follows different rules depending on their operation 
mode and residence time (Xu et al., 2013).  
According to Limousin, Gaudet et al. (2007), the three main factors that govern the rate of 
adsorption in batch and flow-through systems are: the kinetic barrier imposed by the immobile 
water in batch systems, the difference in adsorbate/solution ratio in both systems, and the inability 
to reach equilibrium in flow through systems if the reaction time is greater than the residence time. 
Generally, the Modeling of fixed-bed column systems involves three equations which describe 
the adsorbate concentration in the external voids of the fluid bed, the intra-particle diffusion 
process and lastly one equation that expresses both previous equations as a function of particle film-
resistance (Weber and Chakravorti, 1974). 
2.4.3 Breakthrough Modeling 
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In order to investigate the dynamic behavior of nutrient removal in fixed-bed columns, a 
mathematical analysis of the system is presented.  
The history of effluent concentration is the main feature of the dynamic behavior of fixed-bed 
adsorption. The study of adsorption dynamics describes the rate of solute uptake which controls the 
residence time of adsorbate uptake at the solid–solution interface (El-Halwany, 2010). Adsorption 
kinetic Modeling is an important tool employed in the design of column adsorption systems as it 
assists in predicting different breakthrough curves (BTCs) for different absorbents. 
The time taken for the appearance of the breakthrough along with the shape of the BTC is an 
important characteristic for determining the operation and the dynamic capacity of an adsorption 
column. The breakthrough curve describes the maximum loading of adsorbate onto the adsorbent as 
a function of time until equilibrium is reached (Chern and Chien, 2002). As a result, breakthrough 
curves provide fundamental information for the design and upscale of column-based adsorption 
systems (Xu et al., 2013). The calculation of a BTC according to Malkoc and Nuhoglu (2006) is shown 
below: 
Firstly, the effluent volume, Veff (mL3) is calculated by Equation 2.30: 
𝑉𝑉𝑒𝑒𝑓𝑓𝑓𝑓 = 𝑄𝑄𝜕𝜕𝜕𝜕𝑡𝑡𝜕𝜕𝑡𝑡𝑡𝑡  Equation 2.30 
Where: 
𝑄𝑄 = volumetric flow rate (mL min-1) 
𝜕𝜕𝜕𝜕𝑡𝑡𝜕𝜕𝑡𝑡𝑡𝑡 = total flow time (min). 
The total quantity of nutrients adsorbed in a fixed-bed column for a given concentration and 
flow rate is calculated by Equation 2.31: 
𝑞𝑞𝜕𝜕𝑡𝑡𝜕𝜕𝑡𝑡𝑡𝑡 = 𝑄𝑄𝐴𝐴1000 = 𝑄𝑄1000 ∫ 𝐶𝐶𝑡𝑡𝑑𝑑𝑑𝑑𝜕𝜕𝜕𝜕=𝜕𝜕𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝜕𝜕=0  Equation 2.31 
Where: 
𝑞𝑞𝜕𝜕𝑡𝑡𝜕𝜕𝑡𝑡𝑡𝑡 = total quantity of nutrients adsorbed (mg g-1) 
𝑄𝑄 = volumetric flow rate (L min-1) 
𝐴𝐴 = area under the BTC (cm2), which can be calculated by integrating the BTC 
𝐶𝐶𝑡𝑡𝑑𝑑 = concentration of nutrients adsorbed (mg L-1), which is calculated as the influent concentration, 
C0 (mg L-1) minus the effluent concentration, C (mg L-1) 
The most commonly used breakthrough curve models include the Thomas Model, the Bohart-
Adams Model and the Yoon-Nelson Model. 
2.4.3.1 The Adams–Bohart Model 
The Adams-Bohart model is based on the assumption that the rate of adsorption is 
proportional to both the concentration of the adsorbing species and the residual capacity of the 
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adsorbent (Saadi et al., 2013). According to the surface reaction theory, the model assumes that 
equilibrium is not instantaneous and, therefore, the adsorption rate is proportional to the residual 
adsorption capacity of the adsorbent. This model describes the relationship between (Ct/C0) and t in 
a continuous system. 
The Adam’s–Bohart model is particularly useful to describe the initial part of the breakthrough 
curve by estimating key parameters such as saturation concentration (N0) and kinetic constant (kAB) 
using a quasi-chemical kinetic rate expression. The model is shown in Equation 2.32 below (Trgo et 
al., 2011; Saadi et al., 2013; Malovanyy et al., 2013; Bohart and Adams, 1920): 
𝐶𝐶𝑡𝑡
𝐶𝐶0
= exp �𝐾𝐾𝐴𝐴𝐴𝐴𝐶𝐶0𝜕𝜕 − 𝐾𝐾𝐴𝐴𝐴𝐴𝑁𝑁0 𝑧𝑧𝐹𝐹�  Equation 2.32 
The linear form of the model is shown as Equation 2.33: ln 𝐶𝐶𝑡𝑡
𝐶𝐶0
= 𝐾𝐾𝐴𝐴𝐴𝐴𝐶𝐶0𝜕𝜕 − 𝐾𝐾𝐴𝐴𝐴𝐴𝑁𝑁0 𝑍𝑍𝐹𝐹  Equation 2.33 
Where: 
𝐶𝐶0 = influent concentration (mg L-1) 
𝐶𝐶𝜕𝜕 = effluent concentration at time t (mg L-1) 
𝐾𝐾𝐴𝐴𝐴𝐴 = kinetic constant (L (mg min) -1) 
𝐹𝐹 = linear velocity (cm min-1), which is calculated by dividing the flow rate by the column sectional 
area 
𝑍𝑍 = bed depth of the column (cm) 
𝑁𝑁0 = saturation concentration (mg L-1) 
𝜕𝜕 = time (min) 
The value of t is calculated as t = Veff /ν, where Veff is the volume of collected effluent and v is 
the volumetric flow rate. N0 and KAB can be obtained from the intercept and slope of the linear plot 
of ln(Ct /C0) against time (t), respectively.  
In addition, the removal capacity, q, in mmol g-1, can be calculated as follows: 
𝑞𝑞 = 𝑁𝑁0𝐴𝐴𝑉𝑉𝑠𝑠
𝑚𝑚
= 𝑁𝑁0
𝜌𝜌
  Equation 2.34 
Where: 
𝑞𝑞 = removal capacity (mmol g-1) 
𝐵𝐵𝑉𝑉𝑠𝑠 = fixed bed volume (L) 
𝑚𝑚 = mass of sorbent bed (g) 
𝜌𝜌 = apparent density of the sorbent (g L-1)  
Equation 2.34 shows that the removal capacity is inversely proportional to the density of the 
sorbent bed. The validity of this model is limited to the range of experimental conditions used 
(Ahmad and Hameed, 2010). 
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2.4.3.2 Thomas Model 
The Thomas model is one of the most general and widely used models with the following basic 
assumptions (Foo and Hameed, 2010): 
(i) Constant column void fraction 
(ii) Isothermal and isobaric process conditions 
(iii) Intra-particle diffusion and external resistance are negligible 
(iv) Negligible axial and radial dispersion in the fixed bed column 
(v) Adsorption follows a pseudo-second-order reaction rate principle  
(vi) Constant physical properties of the biomass (solid-phase) and the fluid phase 
The linearized form of Thomas model is expressed by Equation 2.35 (Aksu and Gönen, 2004): ln �𝐶𝐶0
𝐶𝐶𝑡𝑡
− 1� = 𝐾𝐾𝑇𝑇ℎ𝑞𝑞𝑒𝑒𝑚𝑚
𝑄𝑄
− 𝐾𝐾𝑇𝑇ℎ𝐶𝐶0𝜕𝜕  Equation 2.35 
Where: 
𝐾𝐾𝑇𝑇ℎ = Thomas rate constant (mL (min mg)-1) 
𝑞𝑞𝑒𝑒 = equilibrium adsorbate uptake per g of adsorbent (mg g-1) 
𝐶𝐶0 = influent adsorbate concentration (mg L-1) 
𝐶𝐶𝜕𝜕 = effluent concentration at time t (mg L-1) 
𝑚𝑚 = mass of adsorbent (g) 
𝑄𝑄 = influent flow rate (mL min-1). 
The value of Ct/C0 is the ratio of outlet and influent adsorbate concentrations. A linear plot of 
ln[(C0/Ct) − 1] against time (t) can be used to determine qe and KTh from the intercept and slope of 
the plot, respectively. This model is recommended for the investigation of adsorption processes in 
which external and internal diffusions are not the limiting steps (Aksu and Gönen, 2004). 
2.4.3.3 The Yoon–Nelson Model 
The Yoon-Nelson model is simpler than other models as it does not require detailed data 
regarding the adsorbate, the adsorbent and the physical properties of the adsorption bed. The 
model assumes that the rate of decrease of adsorption for each adsorbate molecule is proportional 
to the probability of adsorbate adsorption and adsorbate breakthrough on/from the adsorbent 
(Crhribi and Chlendi, 2011; Yoon and Nelson, 1984). The Yoon-Nelson equation is expressed as 
Equation 2.36 (Saadi et al., 2013): 
𝐶𝐶𝑡𝑡
𝐶𝐶0−𝐶𝐶𝑡𝑡
= exp(𝐾𝐾𝑌𝑌𝑁𝑁𝜕𝜕 − 𝜏𝜏𝐾𝐾𝑌𝑌𝑁𝑁)  Equation 2.36 
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The linear form of the model for a single component system is shown below (Yoon and 
NELSON, 1984): ln � 𝐶𝐶𝑡𝑡
𝐶𝐶0−𝐶𝐶𝑡𝑡
� = 𝐾𝐾𝑌𝑌𝑁𝑁𝜕𝜕 − 𝜏𝜏𝐾𝐾𝑌𝑌𝑁𝑁  Equation 2.37 
Where:  
𝐶𝐶𝜕𝜕 = effluent concentration at time t (mg L-1) 
𝐶𝐶0 = influent adsorbate concentration (mg L-1) 
𝐾𝐾𝑌𝑌𝑁𝑁 = rate velocity constant (L min-1) 
𝜕𝜕 = sampling time (min) 
𝜏𝜏 = time (min) required for 50% of adsorbate breakthrough 
A linear plot of ln[Ct/(C0 − Ct)] versus sampling time (t) can be used to obtain -τ KYN and KYN 
from the intercept and slope, respectively. 
Equation 2.37 can be written as follows: 
𝜕𝜕 =  𝜏𝜏 + 1
𝐾𝐾𝑌𝑌𝑌𝑌
ln � 𝐶𝐶𝑡𝑡
𝐶𝐶0−𝐶𝐶𝑡𝑡
�  Equation 2.38 
If 50% of the breakthrough occurs at t = 𝜏𝜏, the bed exhausts at t = 2𝜏𝜏. For a symmetrical BTC, 
the quantity of solute adsorbed at time 𝜏𝜏 equals half the removal capacity and is calculated relative 
to the initial concentration and flow rate (Equation 2.39) (Trgo et al., 2011): 
𝑞𝑞 =  𝐶𝐶0∙𝑄𝑄∙𝜏𝜏
𝑚𝑚
  Equation 2.39 
Where:  
𝑞𝑞 = quantity of solute adsorbed at time t (mg g-1) and 𝑚𝑚 = mass of adsorbent (mg) 
2.5 Ion-Exchange 
Ion-exchange is a physicochemical phenomenon involving the reversible stoichiometric 
exchange of ions in solution with similarly charged ions immobilized on an ion-exchange material, 
usually a solid phase. Ion-exchange materials may be classified according to their chemical structure 
into polymeric and mineral, cationic and anionic, and resins and membranes (Luqman, 2012). Due to 
its applicability to the removal of cationic, anionic or cationic/anionic (amphoteric) ions in solution 
by ion-exchange materials, this is another promising technique with potential applications in 
nutrient removal during wastewater treatment (Lafferty and Hobday, 1990a). 
2.5.1 Ion-Exchange Isotherm Models 
Simulated ion-exchange isotherm models have incorporated the molar fraction of ionic 
charges (adsorbed and in solution) into kinetic Freundlich and Langmuir isotherms models that 
assume a constant number of active sites with a collective “intrinsic charge” (Sherameti and Varma, 
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2015). In these models, the adsorption capacity is a function of the cation or anion exchange 
capacity, which is, in turn, dependent on the reaction conditions such as ionic strength and pH 
(Schlegel et al., 1999; Limousin and Tessier, 2003). As described in Section 2.4.2.2, Ho and McKay 
were the first authors to develop one of the most successful and widely used mathematical models 
suitable for ion-exchange (Ho and McKay, 1998; Ho and McKay, 2002; Ho and McKay, 1999). 
Limousin, Gaudet et al. (2007) have described ion-exchange isotherm models for ionic 
adsorbates in solution. In these models, adsorption is driven by competing ion-exchange phenomena 
between the ionic adsorbates and other ions in solution for the active sites on the adsorbent. More 
specifically, if the ionic concentration surpasses other ions in solution, it requires a single-species 
isotherm model, whereas if it is less than or equal to the other ions, a multi-species isotherm model 
is needed.  
Surface complexation modeling (SCM) can be utilized to describe experimental adsorption 
data and furthermore to predict adsorption behavior under hypothetical chemical conditions 
(Villalobos and Leckie, 2001). SCMs are worth mentioning in this section as they describe outer and 
inner sphere complexation and distribution of electric potential across the surface of adsorbents 
often used in wastewater treatment technologies and soil amelioration techniques (Limousin et al., 
2007). The most common surface complexation models are the triple-layer model, the constant 
layer capacitance model, the Stern variable surface charge model, the one-pK model, the 
generalized two-layer model and the charge distribution model (Goldberg, 2004).  
2.6 Ammonium Removal Technologies 
The most common technologies for ammonium removal are biological, air-stripping, 
adsorption, and ion-exchange processes. The main methods for removing ammonium from 
municipal wastewater comprise different biological (anaerobic-aerobic and nitrification-
denitrification) techniques (Renou et al., 2008). However, consistent performance of biological 
processes is an issue as they are very sensitive to temperature, dissolved oxygen concentration, pH, 
and organic concentration (Malovanyy et al., 2013). Hence, removal of nutrients from wastewater 
using adsorbents and ion-exchangers are the most common methods (Gupta et al., 2015). In 
addition, expendable materials such as brown coal (which can be used as a fertilizer in agriculture) or 
biomasses of different sources such as coconut shells (Boopathy et al., 2013) and fruit waste (Zahrim 
et al., 2016) may be used for this purpose, and therefore, creating novel uses for abundant 
resources, which would otherwise be used in energy production, generating greenhouse gases such 
as carbon dioxide.  
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In the next sections, different examples of ammonium removal via several adsorption and ion-
exchange methods will be explained to allow better understanding of principles involved in the 
removal of nutrients from wastewater using Australian brown coal. 
2.6.1 Ammonium Removal via Adsorption  
In recent years, comparing with traditional methods for ammonium removal from wastewater 
such as biological nitrification, air stripping and chemical precipitation, many researchers have 
focused their studies on adsorption as a more economical, practical, and environmentally friendly 
technique (Liu et al., 2010). Therefore, finding effective and low-cost adsorbents such as zeolites, 
brown coal, fly ash, and sepiolite is an ongoing quest.  
The results (maximum adsorption capacity and removal percentage) of different practices 
involving the application of different adsorbents under specific conditions (pH, temperature, time, 
adsorbent initial concentration-C0) are summarized in the Table 2.4.  
Zahrim and Lija (Zahrim et al., 2016) used untreated and modified watermelon rinds (treated 
with KOH, NaOH, and H2SO4) to remove ammonium (50 mg L-1) from wastewater through 
adsorption. The adsorption capacity was calculated to be 1.22 mg g-1 and the process was 
determined to be monolayer-based. The isotherm and kinetic models used were Langmuir and 
pseudo-second order, respectively.  
In another study, chitosan-bentonite film was used to adsorb ammonium from aqueous 
systems. The maximum removal efficiency for an initial concentration of 15 mg L-1, and at pH 6 was 
83.13 % (Haseena et al., 2016). Many studies have focused on the removal of ammonium from 
industrial wastewater. The adsorption of low concentration ammonium from a paper mill industry 
wastewater by fly ash and sepiolite was studied by Uğurlu and Karaoğlu (2011). In this study, the 
maximum adsorption capacity of 0.19 mg g-1 was achieved for both adsorbents at low initial 
concentration of 7.0 mg L-1 after 1 h at 25°C (Uğurlu and Karaoğlu, 2011). The kinetic results agreed 
with pseudo-second-order model, and the adsorption isotherm model was well fitted to Freundlich 
model. In another study on industrial wastewater, coal gasification wastewater with ammonium 
concentration of 246.7 mg L-1 was treated using a moving bed biofilm reactor (Li et al., 2011). The 
maximum drop in the ammonium-N concentration (7.8 mg L-1) was achieved after 64 h at 30 °C. The 
use of bio-sorbents such as sawdust for ammonium removal from wastewater has also been 
reported (Wahab et al., 2010). The adsorption equilibrium state was reached within 20 minutes and 
characterized monolayer coverage using the Langmuir isotherm. The maximum bio-sorption capacity 
was achieved at pH 8 and 20° C. The involved chemisorption process was shown to fit the pseudo-
second-order model. 
Table 2.4: The summary of ammonium removal methods via adsorption 
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 (Gupta et al., 2015) 
 Adsorbent Max adsorption 
capacity (mg g-1) 
Removal 
(%) 
Conditions Reference 
Carbon 
nanotubes 
17.05 97 temperature: 25°C 
shaking time: 35 min 
adsorbent dosage: 0.05g 
C0: 100 mg L-1 
pH: 7-11 
(Moradi and Zare, 
2013) 
Nanopalygo-
rskitenano 
composite 
237.6 60 temperature: 20-30°C  
shaking time: 15 min 
adsorbent dosage: 0.2 g 
C0: 100 mg L-1 
pH: 4-8  
(Wang et al., 
2014) 
Low cost -
Romanian 
volcanic tuff 
19 83 temperature: 22°C  
shaking time:180 min 
adsorbent dosage: 1 g 
C0: 100 mg L-1  
pH: 7 
(Maranon et al., 
2006) 
Low cost  
Wheat straw 
148.7 75 temperature: 22°C 
shaking time: 4h 
adsorbent dosage: 1 g 
C0: 100 mg L-1 
pH: 4-8 
(Ma et al., 2011) 
Activated carbon 6.72 65.5 temperature: 35°C 
shaking rate: 200 rpm 
adsorbent dosage: 3g 
C0: 20.0 mg L-1  
pH: 7.70 
(Namasivayam 
and Kavitha, 
2002) 
Zeolite-amended 
activated sludge 
13.73 70 temperature: 20°C 
shaking time: 25 min 
adsorbent dosage: 3g 
C0: 18.5 mg L-1  
pH: 8.2 
(Otal et al., 2013) 
Zeolite 
clinoptilolite 
NA 98.8 temperature: 30°C 
shaking time: 3h 
adsorbent dosage: NA 
C0: 18.5 mg L-1 
pH: 8.2 
(Huo et al., 2012) 
Zeolite natural 
Chinese 
9.41 95 temperature: 25°C 
shaking time: 180 min 
adsorbent dosage: 24g 
C0: 80 mg L-1  
pH: 8 
(Huang et al., 
2010) 
Zeolite  
clinoptilolite 
12.29 85 temperature: 20°C  
shaking time: 60 min 
adsorbent dosage 0.25g 
C0: 175 mg L-1, pH:6 
(Vassileva and 
Voikova, 2009) 
Zeolite 13X 4.80 90 temperature: 23°C  
shaking time: 200 min  
adsorbent dosage: 0.5g 
C0: 25 mg L-1, pH: 7 
(Arslan and Veli, 
2012) 
Sardinian natural 
clinoptilolites 
(natural zeolite) 
12 NA temperature: 25°C 
shaking time: 2000 min 
adsorbent dosage: 50g, 
C0: 150 mg L-1, pH: 7 
(Cincotti et al., 
2001) 
Zeolite 13X + 9.479 89 temperature: 95-100°C  (Zheng et al., 
47 
 
 Adsorbent Max adsorption 
capacity (mg g-1) 
Removal 
(%) 
Conditions Reference 
KOH shaking time: 480 min 
adsorbent dosage: 1g  
C0: 30 mg L-1, pH: 5.23 
2008) 
Natural zeolite 3.11 90 temperature: 25°C 
shaking time: 30 min 
adsorbent dosage: 0.05g 
C0: 30 mg L-1, pH: 7 
(Alshameri et al., 
2014a) 
Polymer 
hydrogel 
PVA 
42.74 70 temperature: 30°C 
shaking time: 35 min  
adsorbent dosage: 1 &1.8g 
C0: 100 mg L-1, pH: 3-8 
(Zheng et al., 
2011) 
Municipal sludge NA 89 temperature: 22°C 
shaking time: 4 h 
Adsorbent (VSS*) Conc.: 1 g L-1 
Adsorbate (C16BDMA**) Conc.:  
300 mg L-1, pH: 10 
(Ismail et al., 
2010) 
*Volatile suspended solid 
** hexadecyl benzyl dimethyl ammonium chloride 
 
2.6.2 Ammonium Removal via Ion-Exchange 
Among all wastewater treatment methods, the application of ion-exchangers in the removal 
of ammonium has been encouraged due to low cost and low energy requirements, short contact 
times, good response at low temperatures, ease of operation, and environmental friendliness. The 
utilization of the used ion-exchangers loaded with nitrogenous and phosphorylated compounds as 
fertilizer is another advantage associated with this technique (Widiastuti et al., 2011; Malovanyy et 
al., 2013). A selection of the ammonium removal processes and their test conditions is summarized 
in Table 2.5. 
Table 2.5: The summary of ammonium ions removal by ion exchange methods 
 (Gupta et al., 2015) 
 Adsorbent Max adsorption 
capacity (mg g-1) 
Removal 
(%) 
Conditions Reference 
Natural Turkish 
zeolite 
N/A 7 5 - 83 temperature: 21°C  
shaking time: 60 min  
adsorbent dosage: 0.4 g  
pH: 4-9, C0: 60 mg L-1 
 
(Saltalı et al., 
2007) 
Natural zeolite 0.38 N/A temperature: 20°C 
shaking time: 20 min  
adsorbent dosage: 10 g 
pH: 7-7.5, C0: 80 mg L-1 
(Demir et al., 
2002) 
Natural zeolite 
(Transcarpathian 
mordenite) 
1.64 N/A temperature: 25°C  
shaking time: 45 min 
adsorbent dosage: 0.5 g 
pH: NA; C0: 100 mg L-1 
(Sprynskyy et al., 
2005) 
Natural Iranian 
zeolite 
N/A 91.5 temperature: 25±1°C  
shaking time: 90 min 
adsorbent dosage: 1 g 
pH: 7, C0: 0.3 mg L-1 
(Malekian et al., 
2011) 
Natural 1.5 75-95.6 temperature: 20°C  (Cooney et al., 
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Australian 
zeolite 
shaking time: 65 min 
adsorbent dosage: 1g 
C0:8.79 mg L-1, pH: to 11 
1999) 
Clinoptilolite 
zeolite 
1.05 95-98 temperature: 20°C 
shaking time: 25 min 
adsorbent dosage: 30 g 
C0:101 mg L-1, pH: 7 
(Rahmani et al., 
2004) 
Yemeni natural 
zeolite 
11 99 temperature: 80°C 
shaking time: 30 min 
adsorbent dosage: 1.2 g 
C0: 80 mg L-1, pH: 8 
(Alshameri et al., 
2014b) 
Zeolite mesolite 49 70 temperature: 50°C 
shaking time: 25 min  
adsorbent dosage:1-5 g 
C0: 400 mg L-1, pH: 6-7 
(Thornton et al., 
2007b) 
Zeolite mesolite 55 95 temperature: 25°C 
shaking time: 120 min  
adsorbent dosage: 1 g 
C0: 50 mg L-1, pH: 6-8 
(Thornton et al., 
2007a) 
 
Zeolites are the most common ion-exchangers in wastewater treatment and are available in 
natural and synthetic forms. However, the regeneration of zeolites is expensive and labor intensive 
(Rahmani and Mahvi, 2006). In a study by Lin et al (Lin and Wu, 1996), the removal of ammonium by 
a cationic ion-exchange resin was studied for different initial ammonium concentrations (10, 20, 40, 
80 mg L-1), where the removal capacity was higher at higher ammonium concentrations and pH 6. 
The maximum removal (28 mg g-1 resin) at an initial ammonium concentration of 80 mg L-1 was 
achieved in less than 10 min at 25°C. A modified version of the two-parameter monolayer Langmuir 
isotherm model was in agreement with the experimental data (Lin and Wu, 1996). In addition to 
temperature and pH, the particle size of the ion-exchanger can affect the adsorption capacity 
(Limousin et al., 2007; Limousin and Tessier, 2003).  
In an investigation by Kučić et al. (2012), they found that the smaller the natural zeolite 
(Clinoptilolite) particle size, the higher the ammonium removal capacity (Kučić et al., 2012). The 
maximum adsorption capacity through monolayer adsorption was 58 mg NH4+-N g-1, and the 
sorption kinetics were determined to obey the pseudo-second-order kinetic model where the best 
isotherm model was found to be Langmuir. In a comprehensive study on natural zeolites, the 
removal of ammonium from wastewater by modified Australian natural was investigated by Cooney 
et al. (Cooney et al., 1999). They proved that the highest ammonium removal efficiency can be 
achieved if the exchange sites of zeolite are replaced by sodium. The maximum ion-exchange 
capacity of the sodium-form zeolite was determined to be 1.5 meq+ g-1, and the equilibrium 
between the adsorbent and adsorbate was revealed to be independent of the particle size of the 
adsorbent. Ammonium removal from wastewater using natural salt activated Chinese (Hulaodu) 
natural zeolite (Alshameri et al., 2014b), packed bed natural zeolite (Demir et al., 2002), natural New 
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Zealand zeolites (Nguyen and Tanner, 1998), natural Iranian zeolite (Malekian et al., 2011), and 
calcium-form clinoptilolite (Ji et al., 2007) have been also reported. 
2.7 Phosphate Removal Technologies 
In the following sections, the most common technologies in phosphate removal from 
wastewater have been categorized following Morse et al. (Morse et al., 1998). 
2.7.1 Phosphate Removal via Ion-Exchange 
Phosphate removal from wastewater is possible using ion exchangers with ionic affinity for 
phosphate ions (Das Gupta, 2011). This method usually takes advantage of both ion-exchange and 
precipitation methods for the effective removal of wastewater nutrients, namely ammonium and 
phosphates. HYPRO is one of the major practices in this field in which the wastewater passes over a 
cationic exchanger, Rc-Na. At this stage ammonium ions exchange with sodium ions, Equation 2.40. 
Then the wastewater passes over an anionic exchanger, Ra-Cl, and phosphorus substitutes the 
chlorine, Equation 2.41. Ultimately, concentrated aqueous solution of sodium chloride will be added 
to magnesium chloride solution and the nutrients will precipitate in the form of Stuvite 
(NH₄MgPO₄·6H₂O), Equation 2.42 (Pechan and Vries, 2013). 
 
Rc-Na + NH4+  Rc- NH4+ + Na+ Equation 2.40 
2Ra-Cl + HPO42-  (Ra)2 HPO4 + 2Cl- Equation 2.41 
Mg2+ + NH4+ + HPO42-  Mg NH4 PO4 + H+ Equation 2.42 
 
The application of calcined hydrotalcite ion [Mg2Al(OH)6]2CO3.3H2O has been investigated for 
the removal of phosphate via ion-exchange (Terry et al., 2014). At pH 2 and the adsorbent dose of 
0.2 gL-1, the removal percentage of phosphate ions (with concentration between 0.613 and 6.13 
mgL-1) was 99.5%. It was reported that the adsorption isotherms were in agreement with both the 
Langmuir and the Freundlich models.  
The application of other exchange media such as the oxides of titanium, aluminium, 
zirconium, and iron capable of making ligand complexation with the negatively charged phosphates 
have been investigated for phosphate removal (Dutta et al., 2004).  
The use of amorphous hydrous ferric oxide within a macro-porous anion exchange resin was 
investigated by Pan et al. (Pan et al., 2009). At the adjusted pH (6.5-8) and adsorbent concentration 
of 0.5 g L-1, the phosphate concentration was claimed to be reduced from 2 mg L-1 to less than 0.01 
mg L-1. 
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In another context, application of crushed oyster shells with zeolite in tandem with membrane 
filtration yielded 53% phosphate removal efficiency when the initial phosphorus concentration was 6 
mg L-1 (Jung et al., 2006). 
2.7.2 Phosphate Removal via Adsorption 
Adsorption is an advantageous and inexpensive process as no extra sludge will be produced 
and there is no need for highly alkaline reagents or pH control of the wastewater solution. The 
application of activated alumina, red mud, and half-burned dolomite have been reported as 
potential adsorbents for phosphate removal from wastewater (Donnert et al., 1981; Roques et al., 
1991; Shiao and Akashi, 1977).  
Other relevant methods for phosphate removal from wastewater via adsorption are 
presented in Table 2.6. 
 
Table 2.6: Examples of phosphate removal from wastewater via adsorption 
Adsorbent Max adsorption 
(mg g-1) 
Conditions Reference 
Iron humate 1 10  temperature: 22 ±1 °C 
shaking time: Several days 
adsorbent dosage: 0.5–2 g 
C0: 0.1 to 4 mM 
pH: independent of pH 
(Janoš et al., 
2011) 
Synthetic 
hydrotalcite 2 
47.3 temperature: 25 °C 
shaking time: 24 h 
adsorbent dosage: Unknown 
C0: 200 mg L-1 
pH: 7.8 
(Kuzawa et al., 
2006) 
Fly ashes3 4–30 temperature: 22-25 °C 
shaking time: 72 h 
adsorbent dosage: 1/20 g mL-1 
C0: 200–1500 mg L-1 
pH: 7.8 
(Yan et al., 
2007) 
Mg-Al Calcined 
layered double 
hydroxides4 
44.3 temperature: 22-25 °C 
shaking time: 4 h 
adsorbent dosage: 0.4 g L-1 
C0: 50 mg L-1 
pH: 6 
(Das et al., 
2006) 
1 Kinetics followed a modified pseudo-n-order rate equation, and the sorption isotherm was in agreement with 
Langmuir–Freundlich isotherm model. 
2 The adsorption isotherm was defined by modified Langmuir model.  
3 Sorption isotherms were well described by the Langmuir model. 
4 The adsorption isotherm was fitted to linearised Langmuir equations. 
 
 
2.7.3 Biological Phosphate Removal 
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Biological phosphorus removal relies on anaerobic and/or aerobic stages depending on the 
chemical oxygen demand (COD) and the concentration of phosphates and nitrates in solution. In 
aerobic conditions, bacteria such as Acinetobacter remove phosphorus from the wastewater; 
however, at low nitrate and oxygen levels, it releases phosphorus.  Although this technology does 
not require the use of chemicals, it demands intricate operating regimes and plant configuration 
(Van Loosdrecht et al., 1997). 
2.7.4 Removal of Phosphate via Crystallisation Technologies 
This method is a physico-chemical process in which divalent or trivalent metal salts are added 
to wastewater and push the reaction towards the precipitation of insoluble metal phosphates which 
will finally be collected during the sedimentation stage (Clark et al., 1997). 
This process is fully automated and takes advantage of the crystallization of calcium 
phosphate on the seeding sand inside a fluidized reactor. Calcium phosphate crystallization can be 
promoted by the addition of either lime or caustic soda. Lime is the most common calcium salt used 
for the precipitation of phosphorus in the form of hydroxyapatite at pH ~ 8 as shown in Equation 
2.43 (Yeoman et al., 1988). The continuous removal of pellets by smaller diameter seed grains allows 
for continuous operation and improves the fluidization.  10𝐶𝐶𝐶𝐶2+ + 6𝑃𝑃𝑂𝑂43− + 2𝑂𝑂𝐻𝐻− ↔ 𝐶𝐶𝐶𝐶10(𝑃𝑃𝑂𝑂4)6(𝑂𝑂𝐻𝐻)2  Equation 2.43 
Another major compound for phosphate removal via crystallization is aluminium sulphate, 
which can remove phosphate from wastewater in the form of crystalline aluminium phosphate 
according to Equation 2.44 (Shannon, 1980). 
𝐴𝐴𝐴𝐴2(𝑆𝑆𝑂𝑂4)314𝐻𝐻2𝑂𝑂 + 2𝑃𝑃𝑂𝑂43− → 2𝐴𝐴𝐴𝐴𝑃𝑃𝑂𝑂4 + 3𝑆𝑆𝑂𝑂42− + 14𝐻𝐻2𝑂𝑂 Equation 2.44 
2.7.5 Removal of Phosphate via Advanced Chemical Precipitation 
This technique benefits from biological nitrification and denitrification, which relies on 
presence of carbonaceous materials and sufficient energy. HYPRO is the prominent technology in 
this field, which combines pre-precipitation, hydrolysis of sludge, and biological denitrification 
stages. Using the HYPRO method, 75% of the organic matter including phosphorus can be removed 
from the wastewater influent, and the separated phosphorus can be removed via an extra chemical 
precipitation stage (Morse et al., 1998). 
2.7.6 Magnetic Water Treatment Systems 
These systems can be represented by the Smit-Nymegen process, which belongs to the 
tertiary treatment stage. Using this method, lime is mixed with the phosphate-containing magnetic 
wastewater (wastewater containing magnetite, Fe3O4) and results in calcium phosphate 
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precipitation comprising a magnetite component. By means of an induced magnetic field, the 
magnetite is decoupled from the calcium phosphate and the remaining product is collected (Morse 
et al., 1998). 
2.8 Recovery of Nutrients 
Recovering nitrogen and phosphorus from wastes is considered as a more sustainable 
approach than removing them due to the depletion of their natural resources and the significant 
cost of their fixation. The recovered nutrients may be applied as fertilizers in agricultural production 
(Kelly and He, 2014), however the regeneration may be very costly and lengthy; therefore, 
development and utilization of cheap adsorbents/ion-exchangers with the potential use of their 
exhaust in agriculture is of high importance (Widiastuti et al., 2011; Malovanyy et al., 2013). 
2.8.1 Examples of Nutrients Recovery Technologies 
2.8.1.1 Bioelectrochemical Systems (BES) 
Nitrogen and phosphorus can be removed and recovered via pH control in combination with 
biological nitrification and bio-electrochemical denitrification processes. In these systems, nitrogen 
is recovered through ammonia migration and volatilization and phosphorus is recovered in 
crystalline precipitates at high pH (Kelly and He, 2014). 
Microbial fuel cells (MFC) are another form of BES, which take advantage of special anaerobic 
bacteria that break down organic material available in wastewater at the anode under anaerobic 
conditions. As shown in Figure 2.2, the breakdown of organic matter by bacteria liberates electrons, 
protons, and carbon dioxide into the cation exchange membrane (CEM) system. The anode collects 
the electrons and sends the electrons to the cathode by an external circuit. The protons travel 
through the solution in the cell to the cathode at which nitrification and denitrification occur 
(European-Commision Report, 2013). These events cause the consecutive transformation of 
ammonium to nitrate (nitrification) and nitrate to nitrogen (denitrification) gas, which can be 
collected. For phosphate recovery, on the other hand, the pH of the anodic section is increased and 
at the right stoichiometric ratio, Mg2+, NH4+, and PO43- form a crystalline structure (Struvite-
MgNH4PO4·6H2O) that can be collected from the system. The remaining ammonium molecules, 
which are not collected at the microbial cathode, can finally be collected in the form of ammonia gas 
by the negatively-charged wall of the system (Kelly and He, 2014). 
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Figure 2.2: Schematic of nutrients removal/recovery by MFC systems (Kelly and He, 2014) In a 
study on the removal of nutrients from sediment via MFC, 70% of phosphorus and 87.6% of 
nitrogen were simultaneously removed and recovered (Zhang et al., 2011) 
2.8.1.2 Alternative Recovery Methods 
Photosynthetic-MFC systems benefit from the combined effects of electrochemically active 
bacterial and solar illumination. Bacteria in anode convert organic substances into electrons, carbon 
dioxide, and protons. Solar illumination initiates photosynthesis and thus the release of oxygen, 
which can act as an electron acceptor for nitrification and electricity generation at the cathode. 
Carbon, nitrogen, and phosphorus can be recovered from wastewater without extra aeration costs. 
Such  removal processes have been used for the removal of both nitrogen and phosphorus from 
wastewater (Zhang et al., 2011). 
Flocculant can also be used for phosphate recovery. Up to 95% of phosphate can be recovered 
from phosphorus-containing precipitates in wastewater via the addition of flocculants (ferric 
chloride and alum). However, this method is very costly and can be substituted by more efficient and 
cheaper methods, such as biological treatment (Alamdari and Rohani, 2007). 
Biological treatment processes are another means to remove the phosphorus, which are 
based on phosphates crystallization at high pH that can be achieved via wastewater aeration in 
relatively short two-hour periods (Suzuki et al., 2002). 
Royal Haskoning DHV BV of the Netherlands offers The Crystalactor® for phosphorus recovery. 
In this method, the DHV-designed fluidized bed crystallizer is used along with lime, magnesium 
hydroxide, magnesium chloride, and calcium chloride to cause the precipitation of phosphate in 
different crystals such as magnesium and calcium phosphate (Giesen, 1999). 
Single-solute MFC is another technique for ammonium removal, which is based on the same 
principle mentioned for BES. This microbial fuel cell (MFC) process only focuses on removal of 
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ammonium without the interference of other solutes such as phosphates available in the 
simultaneous solute removal system. A schematic of this technology is shown in Figure 2.3 (Kuntke 
et al., 2012). It was reported that the migrating ammonium was transported to the cathode chamber 
where it was protonated and turned into ammonia gas for recovery. In the same context, Wu and 
Modin used a single-solute MFC chamber with the potential for simultaneous ammonium recovery 
and generation of collectable hydrogen gas in the cathode chamber and the hydrogen tank, 
respectively (Wu and Modin, 2013). 
 
Figure 2.3: Single-solute MFC for removal of ammonium from wastewater (Kuntke et al., 2012) 
2.8.2 Regeneration of Ion-Exchangers 
Zeolite is one of the most common ion-exchangers which can be used for nutrient removal 
from wastewaters; however, the regeneration of zeolites is costly (Malovanyy et al., 2013). Most of 
the recent studies have commonly focused on searching more efficient and low-cost adsorbents that 
can be readily used as fertilizers after ionic exhaustion (Hedström, 2001; Sengupta and Pandit, 
2011). 
The regeneration of ion-exchanger resins is required when the maximum capacity of the 
column is reached and the ion-exchange efficiency drops below breakthrough capacity. Industrial 
regeneration of ion exchange resins usually comprises two stages: backwashing and chemical 
injection. Backwashing involves a controlled up-flow of water, which allows for 30-40% bed 
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expansion. During Chemical injection, an electrolyte solution (between 5 and 150 kg m-3) is passed 
through the resin to restore the ion-exchanger to its initial ionic form. The regeneration efficiency 
can be determined in percentage via dividing the consumed quantity of regenerant by the total 
passed regenerant (Harland, 1994). 
Jung et al. (Jung et al., 2004) mentioned two methods for the regeneration of zeolites after 
saturation with ammonium ions. One is the chemical regeneration that relies on increasing the 
concentration of sodium cations in the system via addition of sodium chloride, pushing the reaction 
equilibrium to release the ammonium ion and regenerate the zeolite, Equation 2.45. Another one is 
the biological regeneration of the zeolite via bio-denitrification leading to the depletion of 
ammonium ions and thus zeolite regeneration, Equation 2.46. 
Z-Na+ + NH4+  Z- NH4+ + Na+ Equation 2.45 
Z-NH4+ + Na+ + Cl-  Z-Na+ + NH4+ + Cl- Equation 2.46 
In another study, the electrochemical regeneration of ammonia-exhausted synthetic zeolites 
with the general formula MeOAl2O3·mSiO2·nH2O (Me: metal ion) was performed by Lei et al. (Lei et 
al., 2009). The used anode, cathode and electrolytes were Ti/IrO2, Cu/Zn, and NaCl. This process was 
reported to be 100% effective in zeolite regeneration and 96% effective in the conversion of 
ammonia to nitrogen. 
Physical regeneration of an Australian natural zeolite and chemical regeneration of the 
synthetic zeolite MCM-22 via two methods, high-temperature combustion and via Fenton oxidation, 
was studied by (Wang et al., 2006). By applying optimal conditions (540 °C and 1 h), physical 
regeneration showed higher regeneration rates for both zeolites compared to those of chemical 
regeneration via Fenton oxidation. Physical regeneration of MCM-22 restored its adsorption capacity 
to its original state, while the Fenton oxidation resulted in 60% recovery of its adsorption capacity. 
Both physical and chemical techniques resulted in the same adsorption capacity after regeneration 
of Australian natural zeolite. 
2.9 Brown Coal 
Brown coal is an intermediary product between peat and black coal formed as a result of 
compaction and heat with time during the coalification process. Around 25% of the world known 
reserves of brown coal  are located in the Latrobe Valley, Victoria, Australia, and mined in large 
quantities mainly for generation of electricity (Fuchsman, 2012; Barton et al., 1993). Victorian brown 
coal is known for its distinguishing features such as low ash, sulphur, heavy metals, and nitrogen 
contents compared to other brown coals of other geological origins (Brockway et al., 1991). Owing 
to its inherent ion-exchanging capacity arisen from the dissociation of carboxylic and phenolic 
groups, brown coal has been used in removal of metal-ions and dyes from wastewater (Lafferty and 
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Hobday, 1990a; Lafferty and Hobday, 1990b; Mohan and Chander, 2006; Havelcova et al., 2009; 
Hassani et al., 2014). Moreover, on account of its added usefulness as a soil amendment, nutrient-
exhausted brown coal can be used in agriculture without additional regeneration costs (Schefe et al., 
2008b). 
2.9.1 Physical Characteristics of Victorian Brown Coal 
Victorian brown coal has not undergone thorough coalification; therefore, it contains a high 
water content comprising about 66% of its mass. At its natural hydrated state, Victorian brown coal 
exhibits specific rheological properties and acts as a colloid (aqueous dispersion of different entities 
such as humic acids, plant residues, and woody-plant fragments), whereas dried brown coal turns 
into a porous solid (Hayashi and Li, 2004). Partially to fully dried Victorian brown coal comprises 
different layers and bands in different colours when cut, which are referred to as lithotypes.  Study 
of lithotypes (which can vary from a few centimetres to 5km) gives important information on the 
coal geology and composition. The physical characteristic of these lithotypes are shown in Table 2.7. 
Table 2.7: Physical characterization of the lithotypes in Victorian brown coal (Hayashi and Li, 2004) 
 Lithotype Abbr. Texture Weathering Patern Physical Properties 
Dark Dk 
High wood content, often 
small fragments 
Wide and deep cracks, 
regular pattern 
Strong, hard, high 
density 
Medium-Dark M-d 
High to medium wood 
content, often large pieces 
Wide cracks, some 
regularity of pattern 
Variable strength, dense 
and above average hard 
Medium Light M-l 
High to low wood content, 
often well preserved 
Shallow cracks, irregular 
pattern 
Intermediate physical 
properties 
Light Lt 
Medium to low wood 
content 
Generally fine cracks, 
random orientation 
Generally soft, low 
density 
Pale Pa 
Wood present but 
uncommon 
Few extensive cracks 
Soft, crumbles readily, 
very low density 
2.9.2 Dewatering of Brown Coal 
Brown coals have a high moisture content, which depreciates them due to potential safety 
hazards in transportation, and storage. The price of brown coal sold firmly relies on their 
combustability and thermal properties; therefore, dewatering is an important prepatory process 
before the use of brown coal by different sectors (Karthikeyan et al., 2009).  
The favourable moisture content for brown coal for combustion and gasification processes is 
12-15 % and 5-15 %, respectively. The use of wet brown coal imposes high dewatering costs due to 
its initial moiture content, which can comprise 45% of its total weight (Karthikeyan et al., 2009). 
There are different drying methods for dewatering low rank brown coal such as hot oil drying, hot 
water drying, combined grinding and drying, the Fleissner process, nonthermal biomass drying, and 
the mechanical thermal expression process (Pikon and Mujumdar, 2006). 
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2.9.3 Chemical Characteristics of Victorian Brown Coal 
2.9.3.1 Typical Chemical Composition 
As discussed before, five lithotypes can be identified (Dark of DK, Medium Dark or M-d, 
Medium Light or M-l, Light or Lt, and Pale or Pa) in the Victorian brown coal. Chemical 
characterisation of three resources of Victoiran brown coal collected from Yallourn, Morwell, and 
Loy Yang  are presented in Table 2.8 (Hayashi and Li, 2004). 
 
Table 2.8: Chemical composition of geologically different samples of Victorian brown coal (Hayashi 
and Li, 2004)
 Lithotype Abbreviation  Ashe wt% 
Volatile 
Matter 
Wt% 
C wt% H wt% O wt% 
Specific 
energy MJ 
kg-1 (gross 
dry) 
Yallourn 
Dk 0.9 50.6 68.0 4.7 26.4 26.36 
M-d 0.9 50.4 68.3 4.7 26.1 26.48 
M-l 0.8 51.3 68.0 4.8 26.3 26.27 
Lt 1.2 56.6 69.3 5.5 24.2 27.78 
Pa 1.1 63.4 70.7 6.5 21.9 29.26 
Morwell 
Dk 3.1 48.1 69.3 4.8 25.0 26.89 
M-d 3.2 48.6 68.6 4.7 25.8 26.50 
M-l 3.7 51.0 69.8 5.1 24.2 27.45 
Lt 3.8 54.4 70.5 5.4 23.2 28.08 
Pa 4.4 57.4 70.9 6.0 22.2 29.03 
Loy Yang 
M-d 1.9 49.3 66.9 4.5 27.4 25.50 
M-l 0.6 52.6 68.9 4.8 25.5 26.52 
Lt 1.0 55.0 69.5 5.3 24.5 27.45 
Pa 1.0 58.5 70.7 5.8 22.7 28.54 
2.9.3.2 Inorganic Matter Content 
The inorganic matter present in Victorian brown coal can be divided into mineral and non-
mineral. Mineral inorganics exist in very low concentration and include quartz, clays, and carbonates 
(Brockway et al., 1991). Non-mineral matters consist of carboxylates and salts of sodium, calcium, 
and manganese attached to the carboxylic groups. 
2.9.3.3 Functional Groups and Ion-Exchange Nature  
The oxygen content of Victorian brown coal is around 25% and highly contributes to the 
formation of different functional groups, particularly carboxylic groups. Table 2.9 shows the 
estimated weight proportion of different carbons (carboxyl, aromatic and aliphatic groups) in the 
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raw Yallourn brown coal, humic acids, and humins (collected from Yallourn in Victoria) via carbon 
magic angle nuclear magnetic resonance (MAS-NMR) spectroscopy (Hayashi and Li, 2004). 
Table 2.9 :Approximate weight proportions of different carbons in raw Yallourn brown coal, humic 
acid, and humins by carbon MAS NMR spectroscopy (Hayashi and Li, 2004)
 Carbon Type Carboxyl wt% Aromatic wt% Aliphatic wt% Humic acid yield wt% 
Raw Coal 13.9 53.5 32.7 
13.1 Humic acid 15.5 62.6 21.9 
Humin 9.7 43.9 46.5 
 
Some of the oxygen-containing functional groups include different nitrogen-containing  
functionalities such as pyrrolic, pyridinic, pyridonic, quaternary, and probably amino nitrogens. 
The ion-exchange properties of Victorian brown coal is due to the presence of alkali/alkaline 
earth metals (about 1 wt%) as well as phenolic and carboxylic groups (Brockway et al., 1991). By 
determining the ion exchange properties of Victorian brown coal, one can quantify its acidic 
carboxylic and hydroxy functionalities. The ion exchange mechanism of the Victorian brown coal is 
due to dissociation of acidic functionalities as shown by Equation 2.47 and Equation 2.48 (AR stands 
for aryl groups in brown coal). 
AR, R – COOH  AR, R – COO- + H+ Equation 2.47 
AR – OH  AR – O- + H+ Equation 2.48 
The ion-exchange potential associated with Victorian brown coal, makes this abundant 
material a feasible option for its use for nutrient removal from wastewaters. Figure 2.4 shows the 
generic monomeric chemical structure of Yallourn brown coal proposed by Kumagai and Nakamura 
(Haruo Kumagai and Nakamura, 1999). 
 
Figure 2.4 : Generic monomeric chemical structure of the Yallourn brown coal (Haruo Kumagai and 
Nakamura, 1999)  
2.9.4 Applications of Brown Coal 
The application of brown coal (also called lignite or low brown coal) as either adsorbents or 
ion-exhcangers has been reported by many researchers; however, it is believed that potential 
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applications of brown coal have not been fully explored. In the following sections major applications 
of brown coal will be summarised. 
2.9.4.1 Electricity Production and Gasification 
Brown coal is considered to be a cheap and reliable fuel used in the energy industry where it is 
crushed and burnt in boilers to generate steam for electricity production (Li, 2004). Brown coal 
gasification can also lead to electricity generation as well as production of chemicals, liquid fuels and 
hydrogen. Gasification is particularly suitable for the utilisation of brown coals including Victorian 
brown coal given their high gasification reactivity (Li, 2007; Minchener, 2005).  
However, the combustion of brown coals imposes severe environmental effects due to the 
emission of greenhouse gases, particularly carbon dioxide, in to the atmosphere and stratosphere 
exacerbating the living conditions on Earth due to the consequent global warming. According to the 
Australian energy statistic (Ball et al., 2016), dependency on brown coal accounts for 32% (second 
rank after oil by 38%) of the total energy consumption between 2014 and 2015. Environment 
Victoria (Environment-Victoria, 2016), has released a report on the amount of emitted carbon 
dioxide by different power plants (of different ages) burning different types of brown coals for 
electricity generation. In this report, electricity generation using famous Victorian brown coals 
(Yallourn and Loy Yang) is shown to be responsible for CO2 emissions ranging between 1.22 
tCO2/MWh and 1.53 tCO2/MWh in 2016.  
2.9.4.2 Removal of Heavy Metals from Wastewater 
The Ion exchange potential of brown coal makes it a cheap and effective candidate for the 
removal of toxic ions from wastewaters and soils (Lafferty and Hobday, 1990b). Many reaserchers 
have exploited different types of brown coal for the removal of heavy metals from wastewaters and 
effluents (Arpa et al., 2000; Pehlivan and Arslan, 2007; Mohan and Pittman, 2007; Ucurum, 2009; 
Gupta et al., 2009). 
In a study by Arsalan and Pehlivan (Arslan and Pehlivan, 2007), the chromium removal 
efficiency from aqueous solutions using different types of Turkish brown coal (Ilgın, Beyșehir, and 
Ermenek) was investigated. Adsorption equilibrium was achieved within 80 min for all three types, 
and their batch equilibrium resutls were fitted to the Freundlich isotherm model. The maximum 
adsorption capacity achieved by lignites under optimal conditions (pH 2.0-3.2, initial sorbate 
concentration: 2mM, Temperature: 20° C) was in the following order: 
12.4 mM Cr(VI) g-1 Beyșehir  > 11.2 mM Cr(VI) g-1 Ilgın  > 7.4 mM of Cr(VI) g-1 Ermenek 
Havelcovὰ et al. (Havelcova et al., 2009) utilised the Czech South Moravia lignite for removal 
of metal ions (Pb2+, Zn2+, Cu2+, and Cd2+) from wastewater (Havelcova et al., 2009). The adsorption 
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capacity at pH 5, V/m= 200 mL g-1, contact time = 6 h was 2.325 mmol g-1 for Pb2+, 0.993 mmol g-1 for 
Zn2+, 1.486 mmol g-1 for Cu2+, and 3.870 mmol g-1 for Cd2+. The Langmuir-Freundlich isotherm model 
showed the best fit for the adsorption isotherm. These results verified the high lignite sorption 
efficiency at low metal concentrations in wastewater. The ionic affinity for sorption to brown coal 
can be presented in the following order: Pb >> Cu ≥ Cd > Zn.  
In the same context, the adsorption capacities of different young brown coals collected from 
Ilgin, Ermenek, and Beysehir in Turkey were evaluated. The experiments showed that maximum 
adsorption rates occur at pH ~ 5.7. The adsorption capacities of the used brown coals for Cd2+, and 
Zn2+ are shown in Table 2.10. 
Table 2.10: Maximum metal ion adsorption capacities achieved by different Turkish young BCs 
(Pehlivan and Arslan, 2006) 
 Metal Ion Test conditions 
Maximum Adsorption Capacity mg g-1 
Ilgina Beysehira Ermeneka 
Zn2+ 
1) 0.2g of adsorbent was 
dispersed in 10ml of  
4.58 5.22 3.05 
Cd2+ 
acetate buffer pH 5.7 
2)  C0= 20mM 
13.52 16.83 12.68 
a Origin of the lignite 
 
Removal of methylene blue from the dye-solution using Turkish lignite was investigated by 
Hasani et al. (Hassani et al., 2014). Upholding the optimal experimental conditions (Initial dye 
concentration: 100mg L-1, adsorbent dosage: 2.5 g L-1, agitation rate: 180 rpm, Temperature: 60 °C, 
pH 11), the maximum dye removal rate was 41.94 %. The rate of reaction showed the best fit with 
the pseudo-second order model and the adsorption isotherm showed the best fit (R2 = 0.9928) with 
the Langmuir isotherm model. 
2.9.4.3 Amendment of Reclaimed Soils 
The application of brown coal for the mitigation of phytotoxicity in reclaimed soils 
(contaminated with high levels of heavy metals) was investigated by Pusz (Pusz, 2007). Through this 
investigation, the uptake of heavy metals by different plant species was significantly diminished. 
Application of high doses of brown coal resulted in soil stabilization, diminishment of hydrolytic 
acidity, enhancement of soil adsorptive properties, and augmented organic coal content.  
In addition, the use of brown coal as a soil ameliorator has also been successfully investigated 
with respect to its potential use as fertilizers to sustainably release nutrients to the top soil (Hill and 
Lamp, 1980; Kwiatkowska et al., 2008).  
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3 Materials and Methodology 
This chapter describes the materials, experimental setups, mathematical models, 
physicochemical and morphological analyses employed in this research. 
3.1 Materials 
The materials utilized in the removal of ammonium and phosphate from synthetic and real 
wastewaters were raw brown coal (RBC), Base-washed brown coal (BWBC) and BBQ briquette brown 
coal (BBBC). 
3.1.1 Raw Brown Coal (RBC) 
Raw brown coal (RBC) is a soft brownish-black sedimentary rock formed from naturally 
compressed peat with a carbon content of approximately 30%, a high inherent moisture content 
sometimes as high as 60%, and an ash content of about 10% (Ghassemi, 2001). In Australia, the 
Latrobe Valley in the state of Victoria is one of the largest reserves of high quality brown coal in the 
world containing an estimated 25% of the known brown coal reserves in the world (Barton et al., 
1993; Fuchsman, 2012).  
RBC was obtained in the form of raw, wet lumps from the Loy Yang open cut mine at the 
Latrobe Valley in Victoria, Australia. RBC was dried and grounded using a porcelain mortar 
(LabFriend, Australia) and sieved (meshes 10 and 35) into particles sized between 0.5 and 2.0 mm in 
diameter. In order to wash the impurities and finer particles, the sieved brown coal was rinsed with 
distilled water and dried at room temperature (23 ± 2 °C). 
3.1.2 Base-washed brown coal (BWBC) 
RBC was soaked in a basic solution containing 0.1 M NaOH for 24 hours. The sodium hydroxide 
solution was prepared fresh by dissolving NaOH pellets (Analytical Reagent, Sigma-Aldrich, Castle 
Hill) in ultrapure water (Milli-Q, Merck Millipore, Germany). The resulting product was a sodic form 
of brown coal called base-washed brown coal (BWBC), which was then washed with ultrapure water 
(Milli-Q, Merck Millipore, Germany), dried at room temperature (23 ± 2 °C) and packed in Ziplock 
plastic bags.  
3.1.3 BBQ Briquette Brown Coal (BBBC) 
BBQ briquette brown coal (BBBC) was purchased from the local supermarket (Heat Beads, 
Australia). As per the manufacturer’s specifications, “Heat Bead BBQ Briquettes” are made by 
carbonizing brown coal sourced from the La Trobe Valley located in the state of Victoria at high 
temperatures, which is around 900˚C (provided from Head Beads website) to remove any volatile 
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matter. In a similar procedure to RBC, BBBC cubes were grounded in a porcelain mortar (LabFriend, 
Australia) and sieved (meshes 10 and 35) into particles sized between 0.5 to 2.0 mm. In order to 
wash the impurities and finer particles, the sieved BBBC was rinsed with ultrapure water (Milli-Q, 
Merck Millipore, Germany), dried at room temperature, and stored in Ziplock plastic bags until 
usage. 
3.1.4 Nutrient-Rich Wastewaters 
All chemicals used in this experiment were purchased from Sigma-Aldrich. In order to prepare 
different standard concentrations (between 2 and 60 mg L-1) of ammonium or phosphate solutions, 
stock solutions of ammonium and phosphate were prepared fresh and diluted to their respective 
standard concentrations. 
Solutions containing a mixture of ammonium and various metal ions (e.g. Na+, Mg2+, and K+) 
were prepared by adding equimolar concentrations (1 M) of sodium chloride, magnesium chloride 
and potassium chloride salts to 1 M ammonium solution. 
Wastewater samples were provided by the Eastern Treatment Plant in Melbourne, Victoria, 
Australia. Primary effluent sample was collected and brought to the laboratory. All samples 
contained suspended solids and were, therefore, filtered prior to each experiment. The 
characterizations of raw sewage and primary effluent are given in Table 3.1. 
Table 3.1: Characteristics of the primary effluent from the Eastern Treatment Plant (Provided from 
ETP Engineering team) 
Parameter Primary effluent 
COD (mg L-1) 450-600 
BOD (mg L-1) 200-300 
NH4+ (mg L-1) 30-50 
SS (mg L-1) 180-250 
TN (mg L-1) 50-60 
Oil and Grease (mg L-1) 20-40 
Alkalinity 200-300 
3.2 Experimental Setup 
Different experimental setups were used to investigate the ammonium and phosphate 
removal efficiencies and adsorption capacities of brown coal. At first, a series of batch experiments 
were designed in order to determine the effective parameters for nutrient removal efficiency and 
adsorption capacity of BC. Similar investigations were conducted for ammonium removal in a 
column test. Ammonium removal studies were also carried out in the presence of metal ions (Na+, 
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Mg2+, K+). The final investigation involved the removal of organics using BC. Kinetics and isotherm 
studies were also conducted in order to compare the results of adsorption models with experimental 
data. In order to control the reproducibility of results, all experiments were run for two or three 
times at any case. 
3.2.1 Batch Tests for Ammonium Removal using RBC, BWBC, and BBBC  
A series of different batch tests were conducted in order to investigate effective parameters 
for ammonium removal. The parameters investigated were: initial concentration of ammonium (2, 8, 
15, 25, 35, and 60 mg L-1), adsorbent dose (5, 10, 20, 40, 80, 150 and 200 g L-1) and initial pH (2, 4, 6, 
8, 10 and 12) of the adsorbate solution. Particle size (less than 0.5 mm, between 0.5 mm and 2.0 
mm, and between 2.0 mm and 4.0 mm) and contact time (15, 30, 45 minutes, and 1, 2, 6, 12, and 24 
hours) were also investigated. 
To study the influence of the initial concentration of ammonium, 200 mL of aqueous solution 
containing different initial nutrient concentrations with pH 6-7 were prepared in an Erlenmeyer flask 
(Science Supply, Australia) and equal doses of adsorbent (40 g L-1, particle size range: 0.5-2.0 mm) 
were subsequently added to each solution. The top of each flask was sealed with Parafilm (Science 
Supply, Australia) to reduce external disturbances during the course of experiments. The Erlenmeyer 
flasks were kept on a 60-flask capacity orbital shaker (LABEC, Laboratory Equipment PTY. LTD., 
Australia) shaking at 125 rpm at room temperature (23 ± 2 °C). The time required to reach 
equilibrium was estimated by taking sample aliquots at predetermined intervals of time of 10, 20, 40 
minutes, and 1, 2, 4, 6, 12, and 24 hours. Sample collection and analysis continued until equilibrium 
was reached. 
At each one of the predetermined sampling times, aliquots were taken from each flask 
containing the different concentrations (using pipette). A new pipette tip was used each time to 
avoid contamination. Each sample taken from the flask was filtered through a 0.45 µm cellulose 
acetate syringe filter (Merck Millipore, Germany), added to the ammonium HACH kits (Hach, 
Australia), and analyzed using HACH DR6000 spectrophotometry (Hach, Australia) in order to 
measure the ammonium concentration at each sampling time. The analyses were performed with an 
accuracy of ± 0.01 mg L-1 for both NH4+ and PO43-. 
For the dosage test, different concentrations of adsorbent (5-200 g L-1) of varying particle size 
(0.5-2.0 mm) were added to 200 mL of adsorbate solutions of 25 mg L-1 in Erlenmeyer flasks. The 
mixtures were sealed with Parafilm (Science Supply, Australia) and stirred at 125 rpm for 3 days in 
orbital shaker (LABEC, Laboratory Equipment PTY. LTD) at room temperature (23 ± 2 °C). All solutions 
had the same pH of approximately 6 and no further pH adjustments were made. The next step 
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followed the same logic of the concentration test, where samples were taken at predetermined 
sampling times and analyzed until equilibrium was reached. 
The pH studies for ammonium removal used identical doses of brown coal (40 g L-1) of varying 
particle sizes (0.5-2.0 mm) added to 2 mg L-1 ammonium solutions at different pHs (2-12). The pH of 
each ammonium solution was adjusted using 0.1 M HCl or 0.1 M NaOH. Pellets of 97% NaOH (Sigma-
Aldrich, Castle Hill, Australia) and aliquots of 37% HCl (Sigma-Aldrich, Castle Hill, Australia) were used 
to prepare NaOH 0.1M and HCl 0.1M, respectively. Sodium hydroxide (NaOH) 0.1M and hydrochloric 
acid (HCl) 0.1M were added to solution using a piston pipette (Science Supply, Australia) in order to 
increase and decrease the pH value, respectively. The mixtures were stirred at 125 rpm using a 
magnetic stirrer (John Morris Scientific, Australia) and, at the same predetermined times (10, 20, 40 
minutes, 1, 2, 4, 6, 12, and 24 hours), the pH and concentrations of aqueous solutions were 
individually measured using HACH pH meter (Hach, Australia) and HACH DR6000 spectrophotometry 
(Hach, Australia). 
Adsorption isotherm studies were conducted using the NH4+ ion as an adsorbate and RBC and 
BWBC as adsorbents in a series of batch experiments. Tests were carried out by intermittently 
mixing 4 g of RBC and BWBC with 100 mL aliquots of different NH4+concentrations (2-60 mg L-1) in 
250 mL conical flasks (Pyrex, Science Supply, Australia) for 24 hours using an orbital shaker (LABEC, 
Laboratory Equipment PTY. LTD). The mixture was filtered and the filtrate tested for NH4+ ion 
concentration using HACH DR6000 (Hach, Australia). The data were fitted into adsorption isotherm 
models. Although various adsorption isotherm models have been introduced in different studies 
(Chapter 2), Freundlich and Langmuir are the most successful models used to study solid-liquid 
phase adsorption. Kinetic studies were conducted in two different types of experiments: batch and 
fixed-bed column tests. In batch experiments, 40 g of adsorbent (RBC or BWBC) were added to 100 
mL of NH4+ solution (2 and 25 mg L-1) and stirred using an orbital shaker (LABEC, Laboratory 
Equipment PTY. LTD). The NH4+ concentration was measured at different times (again varying from 
10 minutes to 24 hours). Experimental data were fitted into the Liquid Diffusion (Equation 2.8) and 
Intra-Particle Diffusion (Equation 2.15) models, as these are the most used diffusion models, as well 
as into the Pseudo First-Order and Pseudo Second-Order models, as these are the most original and 
successful reaction models described to date (see Chapter 2 for details). 
3.2.2 Column Tests for Ammonium Removal using RBC and BWBC 
3.2.2.1 Synthetic Samples 
An experimental column was designed and packed in the laboratory (). It consisted of a fixed-
bed adsorption column (Science Supply, Australia), a peristaltic pump (John Morris Scientific, 
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Australia), a feed tank (Science Supply, Australia), and an effluent tank (Science Supply, Australia). 
The column used for this experiment had a diameter of 3.1 cm and height of 30 cm. The effective 
height and volume of the fixed-bed depended on the experimental conditions, such as the adsorbent 
dosage. The column experiments were operated in down-flow mode using a peristaltic pump to 
continuously feed the solution into the column without effluent recycling. Before starting the 
experiment, the column was cleaned and rinsed with distilled water to remove any impurities inside 
the column that may interfere with the results of the experiment. A clamp (Science Supply, 
Australia) and retort stand (Science Supply, Australia) were used to keep the column in place. The 
ammonium solution was placed in the feed tank and injected through the column in the down-flow 
mode and the effluent was collected in the effluent tank. Before starting the experiments, the water 
level of the solution was kept constant by setting the peristaltic pump to a constant flow rate to 
ensure that the flow did not change the pressure inside the column.  
 
Figure 3.1: Schematic diagram of the column experimental setup 
 
A series of column experiments were carried out using different flow rates, concentrations, 
and different heights of adsorbent columns. 
Initially, column experiments were carried out for different flow rates (i.e. 0.06 and 0.12 L h-1). 
Identical masses (50 g) of adsorbent (RBC and BWBC) were gradually added into the column. The 
column was connected to the peristaltic pump and a 50 mg L-1 ammonium solution was injected into 
the column in a down-flow mode at two different flow rates, 0.06 and 0.12 L h-1. An effluent sample 
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was collected at predetermined times until the effluent concentration matched the influent 
concentration. All collected samples were immediately filtered through a 0.45 µm syringe filter 
(Merck Millipore, Germany) and analyzed using the HACH DR6000 spectrophotometry (Hach, 
Australia).  
The fixed-bed column was then used for the initial ammonium concentration test at a fixed 
flow rate (0.06 L h-1) in a down-flow mode. As with the flow rate test, 50 grams of adsorbent were 
added to the column at an effective bed length of 12 cm. Different concentrations (10, 20, and 50 
mg L-1) of ammonium solution were passed through the fixed-bed column following the above-
mentioned procedure which involved the flow rate tests. 
In the last test, the effect of three different masses (i.e. 10, 20, and 50 g) of adsorbent was 
investigated. An initial ammonium solution of approximately 50 mg L-1and flow rate of 0.12 L h-1 
were applied using the down-flow mode. Once again, samples were taken at predetermined times 
using the same method described above for the flow rate and concentration tests. 
Kinetic studies in fixed-column tests were conducted to study dynamics of adsorption. The 
kinetic rates of NH4+ removal using fixed-bed for RBC and BWBC were found from the breakthrough 
curves, which were plotted using the column experiments. Data from the column experiments was 
collected by passing NH4+ solution through the column of adsorbents (RBC and BWBC) at different 
conditions. In order to investigate the effects of NH4+ concentration, flow rate and height of the 
adsorbent column, varied concentrations of NH4+ (i.e. 10, 25, and 50 mg L-1), different flow rates 
(0.06 and 0.12 L h-1), and alternative heights of fixed-bed adsorbent columns (3, 6, and 12 cm) were 
tested. The experimental data were fitted to the Adams-Bohart, Thomas and Yoon-Nelson 
breakthrough models as these are the most applied breakthrough models in the literature as 
discussed in Chapter 2. 
3.2.2.2 Wastewater Samples 
Similar experimental setups to those described in Section 3.2.2.1 were employed in order to 
investigate the removal of ammonium from real wastewater samples using fixed-bed columns of 
RBC and BWBC. Real wastewater samples from primary effluent were provided by the Eastern 
Treatment Plant (ETP), Melbourne, Australia. The characterizations of the wastewater sample are 
shown in Table 3.1. 
Columns of similar diameter (3.1 cm) and height (30 cm) were used in this experiment. The 
column experiments were operated in down-flow mode using a peristaltic pump to continuously 
inject the primary effluent sample into the column without effluent recycling. The column was 
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initially washed with distilled water to remove any impurities inside the column before each run. 
Once again, the influences of flow rate and amount of adsorbent were investigated. 
In order to investigate the influence of different flow rates and masses of adsorbent on the 
removal of ammonium from real samples, the same flow rates (i.e. 0.06 and 0.12 L h-1) and masses 
(i.e. 10 and 50 g) of RBC and BWBC were tested. Real wastewater samples with identical ammonium 
concentrations (i.e. 45 mg NH4+ L-1) flowed through the column in all tests. Effluent samples were 
collected at predetermined times until the effluent concentration matched the influent 
concentration. Every time the collected sample was obtained, it was filtered through a 0.45 µm 
syringe filter (Merck Millipore, Germany) and the filtrate analyzed using the HACH DR6000 
spectrophotometry (Hach, Australia). 
Once again, breakthrough models, Adams-Bohart, Thomas and Yoon-Nelson models, were 
applied for mathematical Modelling and investigating the dynamics of NH4+ adsorption in real 
wastewater samples from the Eastern Treatment Plant, using RBC and BWBC. 
3.2.3 Ammonium Removal in the Presence of Metal Ions - Batch Tests 
In order to investigate the influence of other competing ions on ammonium (NH4+) removal 
and find the selectivity of BC for NH4+, 1 M solutions were prepared with equimolar ratios of NH4+: 
Na+, NH4+: Mg2+, NH4+: K+. The calculated mass of ammonium chloride was mixed with calculated 
mass of sodium chloride, magnesium chloride and potassium chloride to prepare different 1:1 
solutions of NH4+: Na+, NH4+: Mg2+, and NH4+: K+, respectively. All salts were purchased from Sigma-
Aldrich (Analytical grade). The mixed salts were added to the Erlenmeyer flasks (Science Supply, 
Australia) and dissolved in 200 mL of deionized water. The flasks were sealed, placed on an orbital 
shaker (LABEC, Laboratory Equipment PTY. LTD., Australia) and stirred at 125 rpm at room 
temperature (23±2 °C) until equilibrium was reached (> 1 day). After equilibrium was reached, the 
solutions were filtered and the concentrations of ammonium and metal ions (Na+, Mg2+, and K+) 
were measured using HACH DR6000 (Hach, Australia) and VARIAN AAS Spectrometry (Varian, USA). 
3.2.4 Organics Removal 
The column used in the organics removal experiment was made of glass with an internal 
diameter of 2.3 cm and effective bed height of 18 cm (Science Supply, Australia) and was 
continuously operated in down-flow mode with an empty bed contact time (EBCT) of 20 min. 
Sodium azide (0.1 mM) was added to the feed to inhibit microbial growth. Prior to use, RBC was 
washed with tap water and soaked in deionized water for 24 h before being packed into the column. 
It was observed that dissolved organic carbon (DOC) removal stabilized after 22 days of operation of 
RBC column. 
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3.2.5 Batch Tests for Phosphate Removal 
Similar procedures to those described in Sections 3.2.1 and 3.2.3 were conducted to 
investigate the effectiveness of phosphate removal using RBC and BBBC. The parameters 
investigated were: initial concentration of adsorbate (2, 8, 15, 20, 30, and 40 mg L-1) and dose of 
adsorbent (10, 20, 40, 60, 100, 200, 300, and 400 g L-1). In order to study the influence of adsorbate 
initial concentration, phosphate solutions of different concentrations were prepared and an equal 
dose (10 g L-1) of adsorbents was subsequently added to each solution. To study the influence of 
absorbent dose, different concentrations of adsorbents were added to 40 mg L-1 phosphate 
solutions. The mixtures were sealed and stirred at 125 rpm for 3 days using an orbital shaker (LABEC, 
Laboratory Equipment PTY. LTD) to reach the equilibrium at room temperature (23±2 °C). The pH of 
all these solutions ranged between 6 and 7 and no further pH adjustments were made.  
3.3 Analytical Methods 
In order to determine the pre and post-treatment water quality and characterize the brown 
coal, different types of technologies were applied. Details are given in the following sections. 
3.3.1 Water Quality Assessment 
All experiments were conducted in triplicates with their corresponding standard error and 
standard deviation values calculated and average values reported. Removal efficiency was calculated 
using Equation 3.1 (Qi et al., 2011): 
𝑅𝑅𝑅𝑅𝑚𝑚𝑅𝑅𝑅𝑅𝐶𝐶𝐴𝐴 % =  (𝐶𝐶0−𝐶𝐶𝑒𝑒)
𝐶𝐶0
× 100  Equation 3.1 
where C0 and Ce are initial (without adsorbent) and final (at equilibrium) concentrations of adsorbate 
(mg L-1). The adsorption capacity of adsorbate at equilibrium, qe (mg g-1), was computed using  
 Equation 3.2 (Fuchsman, 2012). 
𝑞𝑞𝑒𝑒 =  (𝐶𝐶0 − 𝐶𝐶𝑒𝑒) ∙ 𝑉𝑉𝑚𝑚    Equation 3.2 
where v is the volume of adsorbate solution (L) and m is the amount of adsorbent (g). 
The initial and final concentrations of ammonium, phosphate and COD of wastewater and 
synthetic wastewater were measured using HACH DR6000 spectrometry (Hach, Australia). 
3.3.2 Characterization of Brown Coal 
The following sub sub-sections are describing the techniques applied to characterize BC. 
3.3.2.1 Chemical Analysis using FTIR 
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Chemical characterization of RBC, RBC+NH4+, BWBC, and BWBC+NH4+ was carried out using a 
PerkinElmer 400 FTIR-FTNIR spectrometer (PerkinElmer, USA) ranging between 4000 cm-1 and 
650 cm-1. 
3.3.2.2 Elemental and Morphological Analyses using SEM and SEM-EDX 
Microscopic and elemental analyses of RBC and BWBC, before adsorption, and RBC+NH4+ and 
BWBC+NH4+, after adsorption of ammonium, were carried out via scanning electron microscopy-
electron diffraction scattering (SEM-EDX) using a FEI Quanta 200 ESEM (2002) equipped with an 
EDAX Si(Li) X-ray detector, X-MaxN, Oxford instruments (Figure 3.2) (Mode = LFD, HV = 20 kV, WD = 
10.3 mm, spot size diameter = 3 nm) at different magnifications. 
SEM was chosen as a suitable method for the characterization of brown coal as its working 
principle based on electron beam scanning (Clarke, 2002) enabling the detailed detection and 
magnification of distinctive morphological features present on the surface of RBC, RBC+NH4+, BWBC, 
and BWBC+NH4+. 
The specimens were coated with a thin layer of carbon using an SPI-Module Sputter Coater 
(Model 11430, USA) in order to reduce charging artefacts. 
 
Figure 3.2: Scanning Electron Microscope (FEI Quanta 200)  
3.3.2.3 Crystallographic Analysis using XRD  
Small angle X-ray scattering (SAXS) was employed using a Bruker AXS D4 Endeavour system 
(BRUKER, USA) equipped with a Lynxeye linear strip detector with Cu-Kα radiation at 40 kV and 40 
mA. The crystalline constituent in RBC, RBC+NH4+, BWBC, and BWBC+NH4+ samples was determined 
between 0 and 90 degrees 2Theta, and the scattering patterns were collected. All samples were 
rinsed with distilled water and dried at room temperature before performing SAXS.  
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3.3.2.4 Surface area and porosity measurement using BET   
The Brunauer–Emmett–Teller (BET) test (Micromeritics, USA) was used to measure the 
surface area and porosity of brown coal.  
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4 Assessing the Potential of Brown Coal for the Removal of Nutrients in 
Wastewater 
This chapter explores the use of Victorian brown coal (VBC) as a potential environmental 
remediation agent for the removal of excess nutrients (ammonium and phosphate) from 
wastewater. The effective parameters impacting on the removal efficiency and adsorption capacity 
of brown coal were assessed for both ammonium and phosphate contaminants. The ammonium 
removal efficiency and adsorption capacity of raw brown coal (RBC) and base-washed brown coal 
(BWBC) were measured in both batch and column systems in order to assess the influence of 
alkaline or base washing. The adsorbents were chemically and physically characterized before and 
after treatment for greater analytical precision. The influence of metals and organic materials 
present on ammonium removal efficiency was also studied. Finally, RBC was compared to another 
variety of brown coal called BBQ Briquettes Brown Coal (BBBC). The effective parameters were 
further investigated for ammonium and phosphate removal using both RBC and BBBC. 
4.1 Ammonium Removal using RBC - Batch Experiment 
In order to assess the potential use of RBC as an ammonium adsorbent, effective parameters 
were identified. Similar studies, where effective parameters identified are: adsorbate concentration, 
adsorbent dose, and pH are also taken for this study (Hassani et al., 2014; Lafferty and Hobday, 
1990b; Qi et al., 2011).  
4.1.1 Initial Adsorbate Concentration 
In order to investigate the effect of initial ammonium concentration (C0) on the ammonium 
removal efficiency and adsorption capacity of RBC, a wide range of initial ammonium concentrations 
(2-60 mg L-1) was tested. The experiment employed identical doses of RBC, 4 g L-1, in 100 mL of 
adsorbate solutions with varied concentrations at pH 6 and room temperature (23 ± 2 °C). 
As shown in Figure 4.1, the adsorption capacity of RBC was enhanced at higher initial 
ammonium concentrations. This is because higher initial adsorbate concentrations provide a greater 
driving force. As a result, the adsorbate molecules migrate from the liquid to the solid phase and 
from the external surface to the internal surface of the RBC within a given contact time (Hassani et 
al., 2014).  
On the other hand, the removal efficiency of NH4+ showed an opposite trend. When the initial 
concentration increased from 2 to 60 mg L-1, the equilibrium adsorption capacity of RBC (qe) 
increased from 0.02 to 0.28 mg g-1, whereas the ammonium removal efficiency decreased from 41% 
to 18% in NH4+ solution. 
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Figure 4.1: NH4+ removal efficiency and adsorption capacity of RBC at different initial 
concentrations (RBC: 40 g L-1, particle size: 0.5-2.0 mm, pH = 6, T: 23 ± 2 °C, stirring speed: 125 
rpm) 
4.1.2 Adsorbent Dose 
The effect of different doses of RBC (5-200 g L-1) on the adsorption of ammonium from the 
aqueous solutions was studied and presented in Figure 4.2. It was observed that the ammonium 
removal efficiency increased from 10% to 44% by increasing the dose of RBC from 5 to 200 g L-1. The 
increase in adsorbent efficiency was due to an increase in surface area and number of available sites 
at higher doses of adsorbent (Hassani et al., 2014). 
In contrast, the adsorption capacity decreased from 0.63 to 0.07 mg g-1 in ammonium 
solution. This could be due to a reduction in the number of saturation sites at higher adsorbent 
doses, thus resulting in comparatively less adsorption at high RBC amounts. At lower adsorbent 
doses, ammonium molecules saturated a higher number of adsorption sites and resulted in larger q 
values. Meanwhile, high adsorbent doses may give rise to partial overlapping or to a decrease in the 
concentration gradient of adsorbent particles resulting in a decrease in the effective surface area for 
adsorption (Hassani et al., 2014). 
 
Figure 4.2: NH4+ removal efficiency and adsorption capacity of RBC at different adsorbent doses 
(C0 = 25 mg L-1, particle size: 0.5-2.0 mm, pH = 6, T: 23 ± 2 °C, stirring speed: 125 rpm) 
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4.1.3 Initial pH of Ammonium Solution 
Brown coal has a large number of carboxylic (—COOH) and phenolic (—OH) groups. H+ ions 
from carboxylic and phenolic groups found on the brown coal surface are exchanged with positively 
charged sorbate species such as NH4+. When RBC is added to the sorbate solution (with initial pH > 
5), ionization occurs and the pH of the solution is reduced due to the liberation of H+ ions (Lafferty 
and Hobday, 1990b). The low adsorption efficiency of ammonium at acidic pH is due to the presence 
of excess protons competing with ammonium cations for adsorption sites (Hassani et al., 2014; Qi et 
al., 2011).  
As shown in Figure 4.3, the influence of initial pH (2, 4, 6, 8, 10, and 12) on ammonium 
adsorption was investigated. Both ammonium removal efficiency and adsorption capacity (qe) were 
the lowest when the pH was between 2 and 4, later increasing with the increasing pH and reaching a 
maximum of 69% and 0.05 mg g-1 at pH 12. The higher adsorption capacity of brown coal at alkaline 
pH is due to the shortage of excessive H+ ions competing with the NH4+ in solution for the adsorption 
sites (Hassani et al., 2014; Qi et al., 2011).  
As a result, it was hypothesized that an increase in initial pH (by adding NaOH ↔ Na+ + OH-) 
could result in the liberation of more H+ from RBC to form water (H+ + OH- = H2O) and thus vacate 
more ion-exchange sites in RBC for ammonium adsorption. The increase in both ammonium removal 
efficiency and adsorption capacity at pH > 8.3 may be attributed to both the substitution of 
carboxylic group for sodium (Li, 2004) and the generation of ammonia gas (Emerson et al., 1975; 
Brockway et al., 1991). 
 
Figure 4.3: NH4+ removal efficiency and adsorption capacity of RBC at different initial pH 
(C0=25 mg L-1, dose of RBC: 40 g L-1, particle size: 0.5-2.0 mm, T: 23 ± 2 °C, stirring speed: 125 
rpm) 
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Nitrogenized species in aqueous solution can be found as NH4+ (dissociated form) or as NH3 
(non-dissociated form) depending on the pH of the solution. The behavior of ammonia in aqueous 
solution was reported by Leyva-Ramos et al. (2004) as shown in Figure 4.4 (Leyva-Ramos et al., 
2004). It is observed that at pH < 7, the ammonium ion, NH4+ is the predominant species, while at pH 
> 10, the predominant species is ammonia, NH3 (Widiastuti et al., 2011).  
 
Figure 4.4: Effect of pH on relative concentration of ammonium/ammonia (25°C) (Leyva-
Ramos et al., 2004) 
 
 
In order to determine the ammonium removal efficiency of BC from the amount of lost 
soluble ammonium via the generation of ammonia gas, two series of batch experiments were 
conducted using the same concentration of ammonium, 25 mg L-1, at pH 6, 10, and 12, with and 
without BC. The ammonium solutions were agitated without BC in the first series of experiments, 
whereas in the following series they were stirred using 40 g L-1 of BC. 
As shown in Figure 4.5, an increase in pH from 6 to 12 led to an increase in the removal of 
ammonium from 27.6% to 68.6% in solutions containing BC and from 5.4% to 17% in solutions 
without BC. This suggests that, at higher pHs, a larger number of ammonium ions leaves the solution 
as ammonia gas. However, after a few minutes of stirring, the pH of solutions containing BC dropped 
to pH < 8. Therefore, it can be inferred that at pH > 8, the generation of ammonia gas may affect the 
ammonium removal efficiency of BC, whereas at pH < 7 (Widiastuti et al., 2011), ammonium 
adsorption may be entirely attributed to BC adsorption. 
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Figure 4.5: Effect of pH on NH4+ removal from solution by volatilisation and using BC (C0 = 25 mg L-
1, dose of BC: 0 and 40 g L-1, particle size: 0.5-2.0 mm, pH = 6, 10, and 12, T: 23 ± 2 °C, stirring 
speed: 125 rpm) 
4.2 Ammonium Removal using BWBC in Batch Experiment 
As mentioned in Section 4.1.3, by increasing the pH of the solution, the number of carboxylic 
and phenolic groups responsible for ammonium adsorption may also be increased (Li, 2004). The 
substitution of strong hydrogen bonds (deprotonation of carboxylic and phenolic groups in BC at 
alkaline pH) for weaker ionic bonds (Na+) can further assist in increasing the adsorption of the 
ammonium cation (Cooney et al., 1999; Malekian et al., 2011; Malovanyy et al., 2013). 
In order to investigate ammonium adsorption upon the deprotonation of carboxylic and 
phenolic groups in BC, RBC was base-washed and treated with ammonium solution as described in 
Chapter 3. The removal efficiency and adsorption capacity of different doses of BWBC were 
compared with their respective RBC equivalents at identical initial ammonium concentrations. 
4.2.1 Initial Adsorbate Concentration 
The influence of different ammonium concentrations (2 - 60 mg NH4+ L-1) on the use of 
identical doses of adsorbents (40 g L-1) was investigated until equilibrium was reached. Figure 4.6 
shows the influence of different initial ammonium concentrations on the ammonium removal 
efficiency and adsorption capacity for both RBC and BWBC. 
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Figure 4.6: NH4+ removal efficiency and adsorption capacity of RBC and BWBC at different initial 
NH4+ concentrations (dose of RBC and BWBC: 40 g L-1, particle size: 0.5-2.0 mm, pH = 6, T: 25 ± 2 °C, 
stirring speed: 125 rpm) 
 
Higher initial ammonium concentration results in greater driving forces responsible for 
migrating ammonium from the liquid phase to the solid phase (Demir et al., 2002; Wahab et al., 
2010). Both RBC and BWBC showed ascending trends in ammonium adsorption capacity at different 
initial ammonium concentrations (2 - 60 mg L-1). However, the maximum ammonium adsorption 
capacity achieved by BWBC (0.61 mg g-1) was approximately twice as high as the equivalent achieved 
using RBC (0.28 mg g-1). This higher yield may be due to an increase in the number of ammonium 
ion-exchanging sites in BWBC as a result of the substitution of strong hydrogen bonds for weak 
metal bonds upon basic treatment (Li, 2004). 
The removal efficiencies of both BWBC and RBC decreased when the initial ammonium 
concentration increased from 2 mg L-1 to 60 mg L-1. The maximum removal efficiencies associated 
with BWBC and RBC were 95.5% and 41.2%, respectively. When the initial ammonium concentration 
was increased to C0=60 mg L-1, the removal efficiencies of BWBC and RBC then dropped to 39.8% and 
18%, respectively. A similar trend was reported for the adsorption of ammonium onto natural zeolite 
(Widiastuti et al., 2011), natural Iranian zeolite (Malekian et al., 2011), clinoptilolite, and polymeric 
exchangers, Dowex 50w-x8 and Purolite MN500 (Jorgensen and Weatherley, 2003). 
4.2.2 Adsorbent Dose 
Figure 4.7 shows the ammonium removal efficiencies and adsorption capacities of different 
doses of RBC and BWBC (5 - 200 g L-1) over a fixed ammonium concentration (25 mg L-1). Ammonium 
removal efficiency was found to be directly proportional to the adsorbent dose, reaching saturation 
92 
 
at specific adsorbent doses due to the adsorption of ammonium cations (at constant concentration) 
(Hassani et al., 2014). The removal efficiency of BWBC showed a sharp rise when the adsorbent dose 
increased from 5 g L-1 to 40 g L-1, reaching its maximum (79.6 %) at 40 g L-1. A further increase in the 
adsorbent dose did not result in increased removal efficiency. RBC exhibited an ascending trend in 
removal efficiency and reached its maximum efficiency (43.3 %) at 100 g L-1. 
The optimum adsorption dose for BWBC and RBC was determined to be 40 g L-1 and 80 g L-1, 
respectively. Higher adsorbent doses at constant ammonium concentration may result in partial 
overlapping, which reduces effective surface area for adsorption and subsequently decreases the 
concentration gradient of adsorbent particles (El-Halwany, 2010). 
The major difference between the maximum ammonium adsorption capacity achieved by 
BWBC (1.9 mg g-1) and RBC (0.62 mg g-1) can be due to the availability of a higher number of more 
potential adsorption sites benefiting from weaker metal bonds in BWBC compared to stronger 
hydrogen bonds available in RBC (Li, 2004; Cooney et al., 1999; Malekian et al., 2011; Malovanyy et 
al., 2013).   
 
Figure 4.7: NH4+ removal efficiency and adsorption capacity of RBC and BWBC at different 
adsorbent doses (C0 = 25 mg L-1, particle size: 0.5-2.0 mm, pH = 6, T: 23 ± 2 °C, stirring speed: 125 
rpm) 
4.3 Ammonium Removal Using RBC and BWBC - Column Experiment 
A similar comparison was made in the form of a fixed-bed column test to compare the 
adsorption capacities and removal efficiencies of ammonium using both RBC and BWBC. In this 
experiment, the effective parameters were found to be initial adsorbate concentration, adsorbent 
dose and flow rate. 
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4.3.1 Initial Adsorbate Concentration 
In order to investigate the effect of initial ammonium concentration on breakthrough curves, 
different concentrations of ammonium solution (10, 25, and 50 mg NH4+ L-1) were tested through 
identical columns packed with RBC and BWBC (50 g with depth of 12 cm) at a constant flow rate of 
0.06 L h-1. The results for initial ammonium concentrations of 10, 25, and 50 mg L-1 are shown in 
Figure 4.8. 
Figure 4.8 shows that the column saturation time was shorter at a higher initial ammonium 
concentration (50 mg NH4+ L-1) with a saturation time of 40 h for RBC and 70 h for BWBC, than at 
lower concentrations (25 and 10 mg NH4+ L-1), with saturation times of 70 h and 90 h for RBC and 
BWBC (25 mg NH4+ L-1) and 80 h and 120 h for RBC and BWBC (10 mg NH4+ L-1), respectively. 
Therefore, it can be concluded that higher initial concentrations of ammonium ions resulted in faster 
column saturation times compared to lower concentrations. In other words, a larger number of 
ammonium molecules found in higher concentrations of ammonium solution resulted in faster 
saturation times for both RBC and BWBC in the fixed column experimental configuration. 
 
Figure 4.8: Breakthrough Curves at different initial NH4+ concentration (dose of RBC&BWBC: 50 g, 
particle size: 0.5-2.0 mm, pH = 6, T: 25 ± 2 °C, Q = 0.06 L h-1) 
4.3.2 Adsorbent Dose 
Different doses of BC (10 g, 20 g, and 50 g) were used to investigate the influence of the mass 
of BC on ammonium removal efficiency. The breakthrough curves shown in Figure 4.9 indicate that 
the time required for reaching saturation was directly proportional to the mass of BC. The 
breakthrough point for the highest dose (50 g) of RBC and BWBC occurred after 4 h and 10 h, and 
the equilibrium point was reached after 20 h and 30 h, respectively. At lower adsorbent dose (10 g), 
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breakthrough point emerged after 1 h and 3 h for RBC and BWBC respectively, and their 
corresponding equilibrium was reached after 10 h and 15 h. This may be due to the availability of 
more ion-exchange sites at high BC doses. 
 
Figure 4.9: Breakthrough curves at different dose of RBC and BWBC (C0: 50 mg L-1, particle size: 0.5-
2.0 mm, pH = 6, T: 23 ± 2 °C, Q = 0.06 L h-1) 
4.3.3 Flow Rate 
The influence of flow rate on the breakthrough curves of ammonium removal from 
wastewater using RBC and BWBC was studied in down-flow fixed-bed experiments. The column, 
with diameter of 3.1cm and height of 30cm, was filled up with identical masses (50 g) of adsorbents 
(RBC and BWBC), and ammonium solution (50 mg NH4+ L-1) flowed through the fixed-bed at high 
(0.12 L h-1) and low (0.06 L h-1) flow rates. 
The experimental data (Figure 4.10) shows that higher flow rates resulted in shorter column 
saturation/exhaustion time for both RBC and BWBC. The residence time in the bed is inversely 
proportional to the flow rate, which results in lower bed utilization. Thus, both column saturation 
time and bed capacity decreased with increased flow rate. The exhaustion times of RBC and BWBC 
for a flow rate of 0.06 L h-1 were of approximately 30 h and 48 h, respectively, and for a flow rate of 
0.12 L h-1 were of approximately 22 h and 28 h, respectively. The longer saturation time of BWBC 
was attributed to a larger number of adsorption sites on the surface of BWBC compared to RBC. In 
addition, it was observed that the lowest flow rate of 0.06 L h-1 yielded higher initial removal 
efficiencies of 88.4% for RBC and 92% for BWBC, compared to the highest flow rate of 0.12 L h-1, 
which yielded approximately 86% for RBC and 90% for BWBC. 
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Figure 4.10: Breakthrough curves at different flow rate (C0: 50 mg L-1, dose of RBC and BWBC: 50 g, 
particle size: 0.5-2.0 mm, pH = 6, T: 23 ± 2 °C) 
4.4 Chemical and Physical Characterization of Brown Coal 
Fourier Transform Infrared (FTIR) spectroscopy, Scanning Electron Microscopy (SEM), SEM-
energy dispersive spectroscopy (SEM-EDS), and X-Ray Diffraction (XRD) were used to assess the 
elemental and physical alterations of brown coal before and after treatment. 
4.4.1 Chemical Characterization 
Fourier transform infrared spectroscopy (FTIR) was used for the chemical characterization of 
BWBC and RBC before and after wastewater treatment as shown in Figure 4.11. Stretching and 
bending vibrations associated with NH4+ appeared at around 3200 cm-1 and 1400 cm-1, respectively 
(Miller and Wilkins, 1952; Pavia et al., 2008).  
A significant reduction in the intensity of the broad acidic O-H Str. vibrational band (appearing 
between 3700 cm-1 and 2600 cm-1) may be attributed to the ionic substitution of the acidic proton 
for Na+ in BWBC (Pavia et al., 2008; Kalsi, 2007). Subsequent exposure of BWBC to wastewater 
containing ammonium led to the appearance of NH4+ characteristic peaks (stretching vibration at 
around 3200 cm-1 and bending vibration at around 1400 cm-1) in BWBC + NH4+ (Pavia et al., 2008). 
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Figure 4.11: FTIR spectra of RBC, RBC+NH4+, BWBC, and BWBC+NH4+ 
 
The peak at 1725 cm-1 in the BWBC spectrum can be associated with a carbonyl (C=O) moiety, 
and the band observed at around 1200 cm-1 attributed to C–O Str. vibration. However, both the 
reduction in carbonyl peak intensity and shift to lower wave numbers after basic treatment may be 
attributed to the substitution of the acidic proton for Na+ upon basic treatment of RBC. Similarly, the 
disappearance of the C-O-H in-plane bending vibration at around 1415 cm-1 and the O-H out-of-
plane bending vibrations from the RBC spectrum after basic treatment indicates the formation of 
Na+ and NH4+ carboxylate salts in BWBC and BWBC+NH4+, respectively (Pavia et al., 2008). 
4.4.2 Elemental and Morphological Analyses    
The ionic substitution of the acidic proton for Na+ upon alkaline washing of RBC and the 
subsequent substitution of the available Na+ in BWBC for NH4+ in wastewater were investigated via 
SEM-EDS. The increase in N content in BWBC+NH4+ (9.61 wt%), Figure 4.12-D, compared to RBC (0.00 
wt%), Figure 4.12-A, and RBC+NH4+ (0.18 wt%), Figure 4.12-B, confirmed the successful substitution 
of available Na+ in BWBC for NH4+ during wastewater treatment (Equation 4.1). Similarly, higher Na+ 
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content in BWBC (5.92 wt%), Figure 4.12-C, compared to RBC (0.67 wt%), can be interpreted as the 
successful substitution of the acidic proton for Na+ in RBC during alkaline washing (Equation 4.2). 
 
Equation 4.1 
Where R represents any group in which a carbon or hydrogen atom is attached to the rest of the 
molecule. 
 
Equation 4.2 
 
 
Figure 4.12: SEM-EDS elemental analysis of RBC (A), RBC+NH4+ (B), BWBC (C), and BWBC+NH4+ 
(D)  
 
 
The presence of defined surficial unevenness in Figure 4.13-A suggests that the highest level 
of surface roughness among all samples belongs to RBC. The NH4+ exposed RBC (RBC+NH4+) exhibited 
smoother surface than the blank RBC, which can be due to the substitution of the acidic proton 
available in RBC for NH4+. Both BWBC, Figure 4.13-C, and BWBC+NH4+, Figure 4.13-D, showed 
smoother and more covered surfaces compared to RBC and RBC+NH4+. This may be due to an 
increase in the ion-exchange rate resulting from alkaline washing, which may have provided RBC 
with more adsorption sites on its surface. The morphological alterations seen on RBC upon basic 
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washing and exposure to NH4+-containing wastewater (BWBC+NH4+) were in agreement with the 
chemical characterization and SEM-EDS elemental analyses discussed above. 
 
 
Figure 4.13: SEM micrographs of RBC (A), RBC+NH4+ (B), BWBC (C), and BWBC+NH4+ (D) 
 
4.4.3 Crystallographic Analysis 
The crystallinity percentages of the samples were determined to be in the following order: 
BWBC+NH4+ (46.0%) > BWBC (45.8%) > RBC+NH4+ (40.3%) > RBC (38.6%), as shown in Figure 4.14. As 
mentioned in Section 4.4.2, the higher crystallinity attributed to BWBC and BWBC+NH4+ compared to 
RBC can be due to the formation of new sodium salt crystals in BWBC as a result of an acid-base 
reaction and the formation of nitrogen-containing crystals formed via the ionic substitution of NH4+ 
for Na+ in BWBC+NH4+. 
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Figure 4.14: SAXS patterns of RBC, RBC+NH4+, BWBC, and BWBC+NH4+ 
4.5 Effect of Metal Ions on Ammonium Removal 
The selectivity coefficient of ion-exchange systems is a useful tool to describe ion-exchange 
equilibrium and predict the dynamics of ion-exchange. However, selectivity coefficients are not 
constant as they vary with operational conditions, such as the type and properties of the ion-
exchangers, the concentration, pH, and temperature of the feed solution, as well as the presence of 
other competing ions in solution (Inamuddin and Luqman, 2012). 
In order to investigate the influence of other competing ions on ammonium (NH4+) removal 
and to find the selectivity of BC for NH4+, solutions were prepared with the same ratios of NH4+ (1 M) 
and metal ions, i.e. Na+, Mg2+, and K+ (1 M). Selectivity depends on the physical properties (pore size 
distribution and type of the functional groups of the ion-exchangers) and chemical characteristics 
(magnitude of the valence and atomic number of the ions) of the exchanging ions and ion-
exchangers (Crittenden et al., 2012). Selectivity can also be influenced by the radius of hydration. 
Radius of hydration consists of a group of water molecules that surrounds both ion-exchange-phase 
ions and ions in aqueous solution and it is different for different ions. Typically, the radius of 
hydration becomes larger as the size of the ion decreases (Tansel, 2012). When ions diffuse in 
solution, the water molecules associated with them move as well. The crosslinking bonds that hold 
the ion-exchanger matrix together oppose the forces exerted by these exchanged ions. As a result, 
these opposing forces cause a swelling pressure. In a dilute aqueous phase containing ion-
exchangers, the ions with a smaller hydrated radius are preferred because they reduce the swelling 
pressure of the ion-exchanger as they are more tightly bound to it (Crittenden et al., 2012). 
It was found that the ion-exchanger selectivity for ions increases with increasing atomic 
number, increasing ionic radius, and decreasing hydrated radius in the following order: K+ > Na+ > H+ 
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(Crittenden et al., 2012; Inamuddin and Luqman, 2012). In addition, selectivity typically increases 
with increasing ionic charge/valence on the exchanging cation in the following order: Mg2+ > K+ > Na+ 
> H+ (Inamuddin and Luqman, 2012). Figure 4.15 shows that the highest removals were found in a 
mixture of NH4+ and Na+, whereas the lowest removal belonged to the mixture of NH4+ and Mg2+. On 
the other hand, NH4+ removal efficiency was slightly higher when K+ ions were mixed with NH4+. 
Therefore, it can be concluded that the selectivity of BC for NH4+ in the presence of metal ions, such 
as Na+, Mg2+, and K+, follows the order: Mg2+ > NH4+ > K+ > Na+ > H+. On the other hand, it was 
observed that the presence of Na+, and to some extent of K+, enhanced the exchange of NH4+ in BC, 
which can be the result of the dissociation of more H+ ions with the formation of more metal bonds 
with resulting in an increase in more available sites for NH4+ exchange (Malekian et al., 2011; Cooney 
et al., 1999). 
 
 
Figure 4.15: NH4+ removal efficiency of RBC in presence of metal ions(C0 = 40 mg NH4+ L-1, 50 mg 
Na+ L-1, 55 mg Mg2+ L-1, and 90 K+ L-1, particle size: 0.5-2.0 mm, pH = 6, T: 25 ± 2 °C, stirring speed: 
125 rpm) 
4.6 Organics Removal using BWBC 
The characteristics of the wastewater and RBC-treated water are shown in Table 4.1. DOC and 
UVA254 removal efficiencies were 17% and 24%, respectively. These removals occurred due to the 
deposition of molecules onto the coal surface. Greater reduction of UVA254 implied greater 
reduction of humic substances. The specific ultraviolet absorbance (SUVA) value of 2.76 L (m mg)-1 in 
the feedwater indicates that the presence of organics in the sample was not highly aromatic. RBC 
treatment led to a decrease in SUVA by approximately 8%. This decrease in SUVA indicates the 
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preferential removal of humic substances. Turbidity and color removals were 72% and 22%, 
respectively. Carbohydrate was removed more efficiently than protein by RBC treatment ( 
Table 4.1). This is likely due to size exclusion since polysaccharides are generally larger than 
proteins (Neemann et al., 2013), therefore leading to greater deposition onto the coal in the column. 
Table 4.1: Characteristics of the secondary effluent and RBC-treated samples 
Item Feed water RBC-treated water 
DOC (mg L-1) 10.26 8.52 
UVA254 (cm-1) 0.284 0.216 
SUVA (L m-1 mg-1) 2.76 2.53 
Colour  (Pt-Co units) 78.0 61.0 
Turbidity (NTU) 2.25 0.63 
pH 7.8 7.7 
Protein (mg L-1) 12.78 11.24 
Carbohydrate (mg L-1) 8.76 8.05 
 
Fluorescence EEM spectroscopy was applied in order to better understand the impact of the 
RBC treatment on the fluorescent organic matter. According to Chen et al. (Chen et al., 2003), the 
EEM spectrum was divided into five regions: region I (Ex/Em: 220–270 nm/280–330 nm) and II 
(Ex/Em: 220–270 nm/330–380 nm) associated with aromatic proteins (such as tyrosine and 
tryptophan), region III (Ex/Em: 220–270 nm/380–550 nm) attributed to fulvic acid-like materials, and 
regions IV (Ex/Em: 270–440 nm/280–380 nm) and V (Ex/Em: 270–440 nm/380–550 nm) containing 
soluble microbial products (SMPs) and humic acid-like material, respectively. The fluorescence 
regional integration using the method described by Chen et al. (Chen et al., 2003), which integrates 
the spectral volumes under EEM regions to quantify the changes in fluorescent organic matter after 
RBC treatment is shown in Figure 4.16. RBC led to a reduction in the fluorescent organic matter in all 
regions, indicating an overall loss of aromatic content in the water sample (Uyguner and Bekbolet, 
2005). The removal of fluorescent humic-like substances was similar to the removal of UVA254 and 
color resulting from the RBC treatment. 
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Figure 4.16: EEM spectrum volumes of the feedwater and RBC-treated sample. (AP: 
aromatic protein, FA: fulvic acid-like, SMPs: soluble microbial products, HA: humic acid-
like). 
4.7 Phosphate Removal using RBC - Batch Experiment 
Phosphate (PO43-) is an anion, and as cationic-exchange mechanism is the prominent mode of 
action for removal of ions by BC, the removal of phosphates by BC via cationic-exchange seems to be 
impossible. Having mentioned this, physisorption was the only aspect investigated in removal of 
phosphate by BC.  
 
4.7.1 Initial Adsorbate Concentration 
A wide range of phosphate concentrations were considered in order to investigate the effect 
of initial phosphate concentration (2-40 mg L-1) on the phosphate removal efficiency and adsorption 
capacity of RBC. This experiment was carried out using identical doses of RBC, 10 g L-1, in 100 mL of 
adsorbate solutions with varied phosphate concentrations at pH 5-6 and room temperature, 
25 ± 2 °C. 
Figure 4.17 shows the effect of varying the initial PO43- concentration from 2-40 mg L-1 on the 
phosphate removal efficiency and adsorption capacity of RBC. It was observed that lowest initial 
concentration (2 mg PO43 L-1) resulted in the highest removal efficiency (29.2%), however with the 
lowest adsorption capacity (0.007 mg g-1) when compared to the highest concentration (40 mg PO43- 
L-1), which resulted in 8.2% and 0.033 mg g-1, respectively. This is due to a greater relative availability 
of sorption sites for PO43- removal on the sorbent. In the case of higher initial PO43- concentration, 
the total number of available sorption sites was exceeded by the moles of PO43-, which was caused 
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the decrease in the phosphate adsorption rate but increase in adsorption capacity of RBC (Hussain et 
al., 2011). 
   
Figure 4.17: PO43- removal efficiency and adsorption capacity of RBC at different initial 
concentrations (dose of RBC: 40 g L-1, particle size: 0.5-2.0 mm, pH = 5-6, T: 25 ± 2 °C, stirring 
speed: 125 rpm) 
4.7.2 Adsorbent Dose 
The effect of different doses of RBC (5-200 g L-1) on the adsorption of phosphate from 
aqueous solutions was studied and illustrated in Figure 4.18. It can be observed that the phosphate 
removal efficiency increased from 8.2% to 22.8% by increasing the dose of RBC from 10 to 400 g L-1. 
The increase in adsorbent efficiency may be attributed to the presence of a larger surface area and 
larger number of available sites at higher doses of adsorbent (Hussain et al., 2011).  
In contrast, the adsorption capacity decreased from 0.033 to 0.002 mg g-1 in phosphate 
solution. The reason for this could be the reduction in saturation sites at higher adsorbent doses, 
resulting in comparatively less adsorption at high RBC doses. When the adsorbent dose was lower, 
phosphate molecules saturated a larger number of adsorption sites resulting in higher q values. 
Meanwhile, high adsorbent doses may cause partial overlapping or a decrease in the concentration 
gradient of adsorbent particles resulting in a decrease in the effective surface area for the sorption 
(Hussain et al., 2011). 
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Figure 4.18: PO43- removal efficiency and adsorption capacity of RBC at different adsorbent 
doses  (C0 = 40 mg L-1, particle size: 0.5-2.0 mm, pH = 6, T: 25 ± 2 °C, stirring speed: 125 rpm) 
 
Results showed that the phosphate adsorption capacity (0.03 mg g-1) of RBC was much lower 
than its ammonium adsorption capacity. This is due to the presence of a large number of weak acidic 
functional groups – carboxyl groups and to a lesser extent the phenolic groups – which not only 
increase the adsorption of positively charged particles (NH4+) onto brown coal, but also reduce its 
ability to adsorb negatively charged particles such as PO43- (Li, 2004). 
4.8 Nutrient Removal Efficiency using BBQ Briquette Brown Coal (BBBC) 
To study the nutrient adsorption capacity of another product of Victorian brown coal called 
BBQ Briquettes Brown Coal (BBBC) (Heat Beads, Australia), ammonium and phosphate solutions 
were treated using BBBC and compared to RBC. BBBC is produced by heating up BC to above 600 ˚C. 
BBBC is supposed to be more porous in comparison to RBC; hence a Brunauer, Emmett and Teller 
(BET) test was conducted to find the surface area and porosity of RBC and BBBC. The results are 
shown in the following sections. 
4.8.1 Ammonium Removal 
Figure 4.19 shows the results for ammonium removal using BBQ Briquette compared to RBC. 
As it is shown, the ammonium removal efficiency and adsorption capacity of BBQ Briquette were 
slightly lower than RBC; however, both the removal efficiency and the adsorption capacity of the 
BBQ Briquette followed the same trends seen for RBC. It can be hypothesized that the same logic, as 
mentioned in previous sections, governs these trends. 
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Figure 4.19: NH4+ removal efficiency and adsorption capacity of RBC and BBBC at different 
adsorbent doses (C0 = 25 mg L-1, particle size: 0.5-2.0 mm, pH = 5-6, T: 23 ± 2 °C, stirring speed: 125 
rpm) 
4.8.2 Phosphate Removal 
BBBC showed significantly higher removal efficiency and adsorption capacity for phosphate 
removal, compared to RBC (Figure 4.20). Once again, the surface area and the pore volume of both 
RBC and BBQ Briquettes were measured using the BET surface area analyzer (Figure 4.20). 
Increasing the adsorbent dose from 5-120 g L-1, both RBC and BBBC showed increasing and 
decreasing trends in phosphate removal and adsorption capacities, respectively. 
 
Figure 4.20: PO43- removal efficiency and adsorption capacity of RBC and BBBC at different 
adsorbent doses (C0 = 15 mg L-1, particle size: 0.5-2.0 mm, pH = 5-6, T: 23 ± 2 °C, stirring speed: 125 
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rpm) 
4.8.3 Surface Area and Porosity Measurements 
Both the surface area and the pore volume of RBC and BBBC were measured via BET analysis 
as shown in Table 4.2. A comparison between RBC and BBBC clearly shows that the porosity of RBC 
is lower than that of BBBC. This may be due to the fact that BBBC is produced by heating up brown 
coal to temperatures of up to 600 °C, which causes most of the oxygen content of the brown coal to 
be removed from the pore area, thus resulting in more vacant pores in BBBC in comparison with 
brown coal. This capability of physical adsorption in BBBC is comparable to the ion-exchange 
capacity of brown coal. 
Table 4.2: BET Analyses for RBC and BBBC 
Surface Area RBC (m².g-1) BBBC (m².g-1) 
Single point surface area at p/p° = 0.300034738 for BC 
and at p/p° = 0.302248982 for BBBC 
5.5 984  211 .6865  
BET surface area 6.0671  254.5781  
Langmuir surface area 14.7506  319.2143  
t-plot micro-pore area Not detected 197.6665  
t-plot external surface area Not detected 56.9116  
BJH adsorption cumulative surface area of pores 
between 17.000 Å and 3,000.000 Å width 
5.332  41.608  
BJH desorption cumulative surface area of pores 
between 17.000 Å and 3,000.000 Å width 
7.1265  16.4858  
Pore Volume RBC (cm³.g-1) BBBC (cm³.g-1) 
t-Plot micropore volume Not detected 0.080824  
BJH adsorption cumulative volume of pores between 
17.000 Å and 3,000.000 Å width 
0.033022  0.039925  
BJH desorption cumulative volume of pores between 
17.000 Å and 3,000.000 Å width 
0.034489  0.019501  
Pore Size RBC (A˚) BBBC (A˚) 
BJH adsorption average pore width (4V A-1)  247.748 Å 38.381 Å 
BJH desorption average pore width (4V A-1) 193.579 Å 47.315 Å 
 
4.9 Ammonium Removal using RBC and BWBC from Primary Effluent - Column Experiment 
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To investigate the removal efficiency and adsorption capacity of Victorian brown coal in 
practical applications, RBC and BWBC were applied in the form of a fixed-bed column to remove 
NH4+ from real primary wastewater effluent supplied by the Eastern Treatment Plant (ETP) in 
Melbourne, Australia. The column test procedure was similar to that described in Section 4.3. In this 
experiment, the inlet ammonium concentration was constant at 45 mg NH4+ L-1 and the effective 
parameters measured were flow rate and bed depth.  
4.9.1 Flow Rate 
As it was explained in Section 4.3, the primary effluent sample (with concentration of 45 mg 
NH4+ L-1) was passed through the column in down-flow mode with high (0.12 L h-1) and low (0.06 L h-
1) flow rates. The columns contained identical masses (50 g) and equal depths (12 cm) of RBC and 
BWBC. 
Figure 4.21 shows that higher flow rates caused both RBC and BWBC to reach saturation in a 
shorter period of time. The saturation time of the fixed bed was found to be inversely proportional 
to the flow rate, which results in lower bed utilization. Hence, both column saturation time and bed 
capacity decreased with increased flow rate. The saturation times of RBC and BWBC for a flow rate 
of 0.06 L h-1 were of approximately 90 h and 160 h, respectively, whereas the saturation times for a 
flow rate of 0.12 L h-1 were of approximately 70 h and 140 h, respectively. The longer saturation time 
of BWBC may be attributed to a larger number of adsorption sites on the surface of BWBC compared 
to RBC.  
 
Figure 4.21: Breakthrough curves at different flow rate using primary effluent (C0: 45 mg L-1, dose 
of RBC and BWBC: 50 g, particle size: 0.5-2.0 mm, pH = 5-6, T: 25 ± 2 °C) 
4.9.2 Dose of Adsorbents 
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The influence of bed depth (3 cm, 10 g and 12 cm, 50 g) on NH4+ removal efficiency was 
studied for both RBC and BWBC. As shown in Figure 4.22, the time required to reach saturation in 
the fixed bed was directly proportional to the adsorbent depth.  
The breakthrough point for an adsorbent dose of 50 g occurred after 10 h for RBC and 25 h for 
BWBC, with equilibrium being reached after 120 h using RBC and 150 h using BWBC, respectively. A 
similar trend was observed for an adsorbent dose of 10 g, with equilibrium being reached after 1.5 h 
using RBC and 7 h using BWBC, respectively. This may be due to the fact that a larger number of ion-
exchange sites are available to adsorb ammonium ions from wastewater at higher depths of RBC and 
BWBC. 
 
Figure 4.22: Breakthrough curves at different dose of RBC and BWBC (C0: 45 mg L-1, particle size: 
0.5-2.0 mm, pH = 5-6, T: 25 ± 2 °C, Q = 0.06 L h-1) 
 
The saturation time for ammonium removal from primary wastewater effluent was found to 
be longer than its equivalent for synthetic ammonium solutions at identical experimental conditions. 
Furthermore, it was observed that, even after filtration of the real samples, RBC and BWBC bed 
columns were covered with suspended particles after hours of effluent streaming through the 
packed bed. Hence, it can be hypothesized that this coverage prolonged the contact between the 
adsorbate and the adsorbent.  
On the contrary, the average adsorption capacities of RBC and BWBC were found to be higher 
for the removal of ammonium from primary wastewater effluent compared to synthetic samples. 
This suggests that the composition of real samples (Table 2.8) did not negatively influence removal 
efficiency. In addition, as it was described in Chapter 2, the presence of organic material might assist 
the nutrient removal process (Jorgensen and Weatherley, 2003).  
In conclusion, the presence of organic contents and suspended materials in real samples 
negatively influenced the nutrient removal process by increasing the saturation time, however 
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increasing the average adsorption capacities of RBC and BWBC resulting in more efficient removal of 
ammonium ions from primary wastewater effluent. In addition, BWBC reached saturation much 
later than RBC, which is indicative of its higher adsorption capacity.  
110 
 
4.10 References 
Brockway, D., Ottrey, A., Higgins, R. & Durie, R. 1991. The science of Victorian brown coal. 
Butterworth–Heinemann, Oxford. 
Chen, W., Westerhoff, P., Leenheer, J. A. & Booksh, K. 2003. Fluorescence excitation− emission 
matrix regional integration to quantify spectra for dissolved organic matter. Environmental 
science & technology, 37, 5701-5710. 
Cooney, E. L., Booker, N. A., Shallcross, D. C. & Stevens, G. W. 1999. Ammonia removal from 
wastewaters using natural Australian zeolite. I. Characterization of the zeolite. Separation 
Science and Technology, 34, 2307-2327. 
Crittenden, J. C., Trussell, R. R., Hand, D. W., Howe, K. J. & Tchobanoglous, G. 2012. MWH's Water 
Treatment: Principles and Design, John Wiley & Sons. 
Demir, A., Gunay, A. & Debik, E. 2002. Ammonium removal from aqueous solution by ion-exchange 
using packed bed natural zeolite. Water SA, 28, 329-336. 
El-Halwany, M. 2010. Study of adsorption isotherms and kinetic models for Methylene Blue 
adsorption on activated carbon developed from Egyptian rice hull (Part II). Desalination, 250, 
208-213. 
Emerson, K., Russo, R. C., Lund, R. E. & Thurston, R. V. 1975. Aqueous ammonia equilibrium 
calculations: effect of pH and temperature. Journal of the Fisheries Board of Canada, 32, 
2379-2383. 
Hassani, A., Vafaei, F., Karaca, S. & Khataee, A. 2014. Adsorption of a cationic dye from aqueous 
solution using Turkish lignite: Kinetic, isotherm, thermodynamic studies and neural network 
modeling. Journal of Industrial and Engineering Chemistry, 20, 2615-2624. 
Hussain, S., Aziz, H. A., Isa, M. H., Ahmad, A., Van Leeuwen, J., Zou, L., Beecham, S. & Umar, M. 2011. 
Orthophosphate removal from domestic wastewater using limestone and granular activated 
carbon. Desalination, 271, 265-272. 
Inamuddin, L. M. & Luqman, M. 2012. Ion exchange technology I: theory and materials. Springer. 
DOI, 10, 978-94. 
Jorgensen, T. & Weatherley, L. 2003. Ammonia removal from wastewater by ion exchange in the 
presence of organic contaminants. Water Research, 37, 1723-1728. 
Kalsi, P. S. 2007. Spectroscopy of Organic Compounds, New Age International (P) Limited. 
Lafferty, C. & Hobday, M. 1990b. The use of low rank brown coal as an ion exchange material: 2. 
Ionic selectivity and factors affecting utilization. Fuel, 69, 84-87. 
111 
 
Leyva-Ramos, R., Aguilar-Armenta, G., Gonzalez-Gutierrez, L. V., Guerrero-Coronado, R. M. & 
Mendoza-Barron, J. 2004. Ammonia exchange on clinoptilolite from mineral deposits located 
in Mexico. Journal of Chemical Technology and Biotechnology, 79, 651-657. 
Li, C.-Z. 2004. Advances in the science of Victorian brown coal, Elsevier. 
Malekian, R., Abedi-Koupai, J., Eslamian, S. S., Mousavi, S. F., Abbaspour, K. C. & Afyuni, M. 2011. 
Ion-exchange process for ammonium removal and release using natural Iranian zeolite. 
Applied Clay Science, 51, 323-329. 
Malovanyy, A., Sakalova, H., Yatchyshyn, Y., Plaza, E. & Malovanyy, M. 2013. Concentration of 
ammonium from municipal wastewater using ion exchange process. Desalination, 329, 93-
102. 
Miller, F. A. & Wilkins, C. H. 1952. Infrared spectra and characteristic frequencies of inorganic ions. 
Analytical Chemistry, 24, 1253-1294. 
Neemann, F., Rosenberger, S., Jefferson, B. & McAdam, E. 2013. Non-covalent protein–
polysaccharide interactions and their influence on membrane fouling. Journal of membrane 
science, 446, 310-317. 
Pavia, D., Lampman, G., Kriz, G. & Vyvyan, J. 2008. Introduction to spectroscopy, Cengage Learning. 
Qi, Y., Hoadley, A. F., Chaffee, A. L. & Garnier, G. 2011. Characterisation of lignite as an industrial 
adsorbent. Fuel, 90, 1567-1574. 
Tansel, B. 2012. Significance of thermodynamic and physical characteristics on permeation of ions 
during membrane separation: Hydrated radius, hydration free energy and viscous effects. 
Separation and purification technology, 86, 119-126. 
Uyguner, C. S. & Bekbolet, M. 2005. Evaluation of humic acid photocatalytic degradation by UV–vis 
and fluorescence spectroscopy. Catalysis Today, 101, 267-274. 
Wahab, M. A., Jellali, S. & Jedidi, N. 2010. Ammonium biosorption onto sawdust: FTIR analysis, 
kinetics and adsorption isotherms modeling. Bioresource technology, 101, 5070-5075. 
Widiastuti, N., Wu, H., Ang, H. M. & Zhang, D. 2011. Removal of ammonium from greywater using 
natural zeolite. Desalination, 277, 15-23. 
 
  
112 
 
5 Adsorption Modeling  
The adsorption process relates to the removal of a substance called adsorbate from the liquid 
(or gaseous) phase by a solid material called adsorbent. Adsorption is recognized as one of the most 
important processes in the field of separation technology (Khan, 2012). In this section, adsorption 
systems for ammonium (NH4+) removal were characterized using isotherm and kinetic parameters 
and the results discussed in detail for these two conventional methods. Adsorption isotherm and 
kinetic Modeling of phosphate adsorption using Victorian brown coal was not performed due its low 
removal efficiency.  
5.1 Isotherm Models 
The performance of an adsorbent can be studied via adsorption isotherm Modeling of data 
obtained through a series of experimental tests. Adsorption isotherm Modeling is a conventional 
way for predicting and comparing adsorption performance among various sets of experimental data. 
Modeling of experimental data is critical for optimizing adsorption mechanism pathways,  expressing 
adsorbent capacities, and effectively designing adsorption systems (Chen, 2015).  
In general, an adsorption isotherm is a valuable curve which describes the phenomenon 
governing the adsorption or mobility of a substance from the liquid- to a solid-phase. Adsorption 
equilibrium is established when the concentration of the adsorbate in the bulk solution is in dynamic 
balance with the interface concentration of the adsorbent after sufficient contact time (Foo and 
Hameed, 2010). 
The equilibrium adsorption isotherm was studied using the ammonium (NH4+) ion as 
adsorbate and RBC and BWBC as adsorbents in a series of batch mode experiments. The equilibrium 
sorption of NH4+ ions was evaluated by mixing 4 g of RBC and BWBC with 100 mL aliquots of 
different concentrations (2 - 60 mg L-1) of NH4+ in 250 mL conical flasks (Pyrex, Australia) for 24 hours 
using an orbital shaker (LABEC, Laboratory Equipment PTY. LTD., Australia). The mixture was filtered, 
and the NH4+ concentration of the filtrate quantified using HACK DR5000 (Hach, Australia), and the 
data fitted into adsorption isotherm models. Although various adsorption isotherm models have 
been successfully described in the literature (Chapter 2), the traditional Freundlich and Langmuir 
models were employed here to study the adsorption (or release) of the ammonium ions from the 
liquid- to the solid-phase. 
5.1.1 Freundlich 
The Freundlich isotherm model utilizes an empirical equation applicable to multilayer 
adsorption with a non-uniform distribution of adsorption heat and affinity over the heterogeneous 
surface (Foo and Hameed, 2010). This model assumes that the surface of the adsorbent is 
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heterogeneous and that the binding energy of its active sites varies exponentially. The stronger 
binding sites are occupied first and, as a result, the adsorption energy exponentially decreases 
towards the completion of the adsorption process. The linear form of the Freundlich isotherm model 
is shown in Equation 5.1 (Saadi et al., 2015) (Chen, 2015): ln𝑞𝑞𝑒𝑒 = ln𝐾𝐾𝐹𝐹 + 1𝑛𝑛𝐹𝐹 ln𝐶𝐶𝑒𝑒 Equation 5.1 
where Kf is the adsorption coefficient which represents the adhesion ability of the adsorbate onto 
the adsorbent (an approximate indicator of adsorption capacity). 1/nF indicates the adsorption 
intensity of the adsorbate onto the adsorbent or surface heterogeneity. By plotting ln(qe) against 
ln(Ce), the Freundlich constants KF and nF can be determined (Chen, 2015). The slope (1/nF) between 
0 and 1 indicates a favorable adsorption isotherm and implies chemisorption process. When this 
value gets close to zero, the surface of the adsorbent becomes heterogeneous and the adsorption 
isotherm becomes nonlinear, while, 1/nF above one is indicative of cooperative and unfavorable 
adsorption isotherms. As 1/nF gets smaller than about 0.1 the adsorption isotherm approaches an 
irreversible isotherm (Saadi et al., 2015; Foo and Hameed, 2010; Dada et al., 2012). In other words, 
the magnitude of the exponent nF values ranging from 2–10 represent good, 1–2 moderately 
difficult, and < 1 poor adsorption characteristics (Hamdaoui, 2006). Moreover, the closer the nF value 
to zero, the more heterogeneous the system (Aksu and Gönen, 2004). 
Figure 5.1 shows plots of the Freundlich model, Ln qe versus Ln Ce, for the removal of NH4+ 
using RBC and BWBC. It can be seen that the experimental adsorption data fitted the linear form of 
Freundlich isotherm model for both RBC (R2=99%) and BWBC (R2=96%). However, nF values showed 
a better fit for BWBC (nF = 2.33) compared with RBC (nF = 1.37) (Table 5.1) (Hamdaoui, 2006). 
 
Figure 5.1: Freundlich isotherm for adsorption of NH4+ onto RBC and BWBC (dose of RBC: 40 gL-1, 
NH4+ concentrations (2-60 mg L-1), particle size: 0.5-2.0 mm, pH = 5-6, T: 23 ± 2 °C, stirring speed: 
125 rpm) 
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As shown in Table 5.1, the calculated 1/nF values (< 1), associated with both RBC and BWBC, 
indicate a favorable adsorption isotherm, and imply a chemisorption process for NH4+ removal (Foo 
and Hameed, 2010). A lower value for BWBC (1/nF = 0.43) in comparison with RBC (1/nF = 0.73) 
suggests a more heterogeneous surface for BWBC compared to RBC, which is in agreement with 
SEM images from BWBC and RBC. The KF values, which are a measure of adsorption capacity, show 
higher adsorption capacity for BWBC (KF = 0.17) in comparison with RBC (KF = 0.02), which is again in 
agreement with the experimental results. 
Table 5.1: Freundlich isotherm parameters for the adsorption of NH4+ onto RBC and BWBC. 
Adsorbent 
Freundlich Isotherm 
KF 1/nF nF R2 (%) 
RBC 0.02 0.73 1.37 99.2 
BWBC 0.17 0.43 2.33 95.7 
 
In summary, the superior NH4+ removal capacity of BWBC relies on its both chemical and 
physical properties. Isotherm parameters resulting from Freundlich model showed that alteration in 
chemical structure of RBC and subsequent increase in the number of adsorption sites boosts the 
multilayer adsorption on the heterogeneous surface of BWBC (Saadi et al., 2015; Chen, 2015). 
5.2 Langmuir 
The Langmuir isotherm model is an empirical model which assumes that adsorption is limited 
to a monolayer. In this model, a single layer of molecules is absorbed onto a homogeneous 
adsorbent surface of uniform adsorption energy for all sites with no transmigration of adsorbate on 
the plane of the surface. Hence, once a pollutant occupies a site, no further adsorption can take 
place on that site. The model further postulates that the intermolecular forces rapidly decrease as 
distance grows and that there is no interaction between molecules adsorbed on neighboring sites. 
As a result, adsorption on surface is localized, which means that adsorbed atoms or molecules are 
adsorbed at defined and localized sites (Saadi et al., 2015; Foo and Hameed, 2010). Linear forms of 
the isotherm models Equation 5.2, are widely adopted to determine isotherm parameters that best 
fits the adsorption system due to mathematical simplicity. By plotting Ce/qe against Ce, it is possible 
to obtain the value of the Langmuir constant KL and qm (Chen, 2015). 
Type (I):   𝐶𝐶𝑒𝑒
𝑞𝑞𝑒𝑒
= 1
𝑞𝑞𝑚𝑚𝐾𝐾𝐿𝐿
+ 𝐶𝐶𝑒𝑒
𝑞𝑞𝑚𝑚
  Equation 5.2 
Where 
Ce = the concentration of adsorbate at equilibrium (mg L-1) 
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qe = the mass of adsorbate adsorbed per gram of adsorbent at equilibrium (mg g-1). 
qm = maximum monolayer coverage capacity (mg g-1) 
KL = Langmuir isotherm constant (L mg-1).  
KL is indicative of the tendency of the adsorbate to adsorb onto the active sites of the adsorbent 
surface. A larger value KL represents higher adsorption energy.  
The essential feature of the Langmuir isotherm may be expressed in terms of the equilibrium 
parameter RL (as shown in Equation 2.5), which is a dimensionless constant referred to as separation 
factor or equilibrium parameter applied to predict the adsorption efficiency and usability of the 
Langmuir equation (Equation 5.3) (Saadi et al., 2015): 
𝑅𝑅𝐿𝐿 = 11+𝐾𝐾𝐿𝐿𝐶𝐶0   Equation 5.3 
RL values between 0 and 1 indicate favorable adsorption, while RL > 1, RL = 1, and RL = 0 indicate 
unfavorable, linear, and irreversible adsorption processes, respectively (Saadi et al., 2015). 
Langmuir isotherm plots of Ce/qe against Ce are shown in Figure 5.2 to model the removal of 
NH4+ using RBC and BWBC. The correlation coefficient value (R2) for RBC is 97.5% and for BWBC is 
99.7%, which shows that the experimental adsorption data fits well the Langmuir isotherm model. 
The maximum adsorption capacity qm of RBC and BWBC was calculated using the slope, 1/qm, of the 
isotherm graphs. 
 
Figure 5.2: Langmuir isotherm for the adsorption of NH4+ onto RBC and BWBC (dose of RBC: 40 g L-
1, NH4+ concentrations (2-60 mg L-1), particle size: 0.5-2.0 mm, pH = 5-6, T: 23 ± 2 °C, stirring speed: 
125 rpm) 
 
Table 5.2 shows that the RL value is greater than 0 but less than 1 for both RBC and BWBC and 
thus indicates that the Langmuir isotherm model is favorable. A higher adsorption energy value, KL, 
in BWBC (0.392) was an indicator of higher maximum adsorption capacity, qm, associated with BWBC 
(0.666) compared to RBC (0.454). 
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Therefore, the results obtained from both isotherm models confirmed the superiority of 
BWBC over RBC with respect to the adsorption of NH4+ from wastewater. 
5.3 Kinetic Models 
In addition to isotherm Modeling, Modeling the kinetic performance of given adsorbents is 
also of great significance for pilot applications. Kinetic Modeling provides important information on 
the rate of solute uptake to determine the residence time required for the completion of the 
adsorption reaction. In addition, the scale of an adsorption apparatus may be planned and built 
based on kinetic Modeling information. 
Adsorption kinetic Modeling was used to determine the rate of adsorption of NH4+ onto RBC 
and BWBC. Kinetic studies were conducted using two different experimental designs: batch and 
fixed-bed column tests. In batch experiments, 40 g of adsorbent (RBC and BWBC) were added into 
100 mL of NH4+ solution of concentration 2 mg L-1 and 25 mg L-1 and stirred using an orbital shaker 
(LABEC, Laboratory Equipment PTY. LTD., Australia). The concentration of NH4+ was measured at 
different times ranging from 10 minutes to 24 hours. The kinetic rates of NH4+ removal using fixed-
bed columns of RBC and BWBC were determined by passing NH4+ solution through the adsorbent 
column (RBC and BWBC). The concentration of NH4+ in the solution, the mass of RBC and BWBC, and 
the flow rate were varied in different experiments. In the following sections, kinetic models were 
investigated in both batch and column experiments.  
5.3.1 Kinetic Models in Batch Experiments 
Several mathematical models have been proposed to describe adsorption data, generally in 
the form of adsorption diffusion models or adsorption reaction models. However, although both 
models are used to describe the kinetic process of adsorption, they are quite different in nature as 
described in Section 2.4.2.1. Adsorption diffusion models are based on three consecutive steps: (1) 
diffusion across the liquid film surrounding the adsorbent particles, also referred to as external 
diffusion or film diffusion; (2) diffusion in the liquid contained in the pores and/or along the pore 
walls, which is so-called internal diffusion or intra-particle diffusion; and (3) adsorption and 
desorption between the adsorbate and active sites, also called mass action. In the process of 
Table 5.2: Langmuir isotherm parameters for the adsorption of NH4+ onto RBC and BWBC 
Adsorbent 
Langmuir Isotherm 
qmax (mg g-1) KL (L mg-1) RL (Ave) R2 (%) 
RBC 0.454 0.034 0.55 97.5 
BWBC 0.666 0.392 0.15 99.7 
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physical adsorption, mass action is very rapid and can be negligible in kinetic studies. Therefore, the 
rate-limiting step in kinetic adsorption is either liquid-film diffusion or intra-particle diffusion. As a 
result, adsorption diffusion models are mainly used to describe film diffusion and/or intra-particle 
diffusion (Qiu et al., 2009). Adsorption reaction models originating from chemical reaction kinetics, 
however, are based on the kinetics of the process of adsorption without considering these steps 
mentioned above. As a result, liquid film diffusion and intra-particle diffusion as adsorption diffusion 
models and pseudo first-order and pseudo second-order models as adsorption reaction models were 
employed to fit experimental data obtained in this research. 
5.3.1.1 Liquid Film Diffusion Model 
According to the mass balance law, in liquid-solid adsorption processes the rate of solute 
accumulation in the solid phase is equal to the rate of solute transfer across the liquid film. 
The linear form of the film diffusion model was expressed as Equation 5.4 (Cooney, 1998):  ln �𝐶𝐶𝑡𝑡
𝐶𝐶0
� =  −𝐾𝐾𝑓𝑓 𝐴𝐴𝑠𝑠𝑉𝑉𝑝𝑝 𝜕𝜕  Equation 5.4 
where Ct is the concentration at time t (mg L-1), Co is the initial concentration (mg L-1), Kf represents 
the film mass transfer coefficient (g mg-1 h-1), As is surface area of the particle (cm2), and Vp 
represents the volume of the particle (cm3). 
In Figure 5.3, the liquid film diffusion model was plotted, Ln (Ct/C0) versus t, for the removal of 
NH4+ using RBC and BWBC at two different concentrations of NH4+, 2 and 25 mg L-1. The two graphs 
show that adsorption process occurred at two different steps, the first occurring rapidly within the 
initial hours and the second stage plateauing after a short period of time. The same trends were 
observed for both RBC and BWBC at different concentrations. 
 
Figure 5.3: Liquid film diffusion model for adsorption of NH4+ onto RBC and BWBC at different 
adsorbent concentrations (dose of RBC: 40 g L-1, NH4+ concentrations (2 and 25 mg L-1), particle 
size: 0.5-2.0 mm, pH = 5-6, T: 23 ± 2 °C, stirring speed: 125 rpm) 
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As shown in Table 5.3, the obtained R2 values were very low (< 30%) for both adsorbents at 
both concentrations. This indicates that the liquid film diffusion model is not an appropriate model 
to characterize the kinetic mechanisms of NH4+ removal using RBC and BWBC. 
Table 5.3: Liquid film diffusion parameters for the adsorption of NH4+ onto RBC and BWBC at 
different adsorbent concentrations 
Adsorbent NH4+ Concentration Kf (g mg-1 h-1) R2 (%) 
RBC 2 (mg L
-1) 0.002 21.17 
25 (mg L-1) 0.001 18.61 
BWBC 2 (mg L
-1) 0.015 27.5 
25 (mg L-1) 0.006 22.87 
5.3.1.2 Intra-Particle Diffusion Model 
The intra-particle diffusion model was chosen to determine the contribution of external and 
internal diffusion of NH4+ into the adsorbents. As discussed in Section 2.4.2.1.2, Weber-Morris found 
that in many cases, solute uptake varies almost proportionally with t1/2 rather than with the contact 
time t in adsorption processes (Equation 5.5) (Qiu et al., 2009). 
𝑞𝑞𝜕𝜕 = 𝐾𝐾𝑖𝑖𝑛𝑛𝜕𝜕𝜕𝜕1 2�   Equation 5.5 
where Kint is the intra-particle diffusion rate constant g mg-1 h-1. 
According to Equation 2.15, a plot of qt vs t1/2 should be a straight line with slope Kint when 
intra-particle diffusion is the rate-limiting step. For the Weber-Morris model, it is essential for the qt 
vs t1/2 plot to go through the origin if intra-particle diffusion is the rate-limiting step. However, this is 
not always the case as adsorption kinetics may be simultaneously controlled by film diffusion and 
intra-particle diffusion. The value of the intercepts is an indication of the thickness of the boundary 
layer, where the larger the intercept the greater the effect of the boundary layer (Widiastuti et al., 
2011). 
Figure 5.4 shows the plots of qt vs t0.5 for the removal NH4+ at concentrations 2 and 25 mg L-1 
using RBC and BWBC. Similar to the liquid diffusion model, the graphs of intra-particle diffusion 
model show two trends. In all cases, most of adsorption was achieved within the first few hours (0-2 
h) and plateauing afterwards.  
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Figure 5.4: Intra-particle diffusion model for the adsorption of NH4+ onto RBC and BWBC at 
different adsorbent concentrations (dose of RBC: 40 g L-1, NH4+ concentrations (2 and 25 mg L-1), 
particle size: 0.5-2.0 mm, pH = 5-6, T: 23 ± 2 °C, stirring speed: 125 rpm) 
 
The correlation coefficient values obtained exhibited poor agreement with the intra-particle 
diffusion model (R2 < 40%) (Table 5.4). However, in comparison with the liquid film diffusion model, 
the intra-particle model showed a better fit of the experimental data. From the above statement 
and trends of both models, it could be established that the removal of NH4+ via RBC and BWBC was 
constructed on the basis of two consecutive steps: external or film diffusion and internal or intra-
particle diffusion.  
According to the intra-particle model, the rate of film diffusion (slope of the qt versus t0.5) 
within the first hour was much higher than the internal diffusion occurring within the next 23 h 
(Figure 5.4) (Weber and Morris, 1963; Tahir and Rauf, 2006; Hassani et al., 2014). On the other hand, 
the adsorption rate constant in the intra-particle model, Kint, was higher at higher initial NH4+ 
concentrations due to higher driving forces. This is an indication that diffusion processes were 
dependent on the concentration of adsorbate in solution. 
Table 5.4: Intra-particle diffusion model parameters for the adsorption of NH4+ onto RBC and 
BWBC at different adsorbent concentrations 
Adsorbent NH4+ Concentration Kint (g mg-1 h-1) R2 (%) 
RBC 
2 (mg L-1) 0.002 39.62 
25 (mg L-1) 0.02 36.53 
BWBC 
2 (mg L-1 0.008 31.79 
25 (mg L-1) 0.06 35.82 
5.3.1.3 Pseudo-First-Order Model 
Lagergren’s first order rate equation, which has been called pseudo-first-order (PFO) rate 
equation, is believed to be the earliest model which relates the adsorption rate to adsorption 
capacity. It is represented by Equation 5.6 (Qiu et al., 2009): 
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Ln(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝜕𝜕) = Ln 𝑞𝑞𝑒𝑒 − 𝐾𝐾𝑝𝑝1𝜕𝜕   Equation 5.6 
where qe and qt (mg g-1) are the adsorption capacities at equilibrium and time t (h), respectively. Kp1 
(h−1) is the pseudo-first-order rate constant for the kinetic model. 
In  
Figure 5.5, pseudo-first-order graphs were plotted, Ln (qe-qt) against t, for different 
concentrations of NH4+ using RBC and BWBC. However, the pseudo-first-order model showed a poor 
fit to RBC and no statistically acceptable fitting model to BWBC experimental data.  
 
 
Figure 5.5: Pseudo-first-order model for the adsorption of NH4+ onto RBC and BWBC (dose of RBC: 
40 g L-1, NH4+ concentrations (2 and 25 mg L-1), particle size: 0.5-2.0 mm, pH = 5-6, T: 23 ± 2 °C, 
stirring speed: 125 rpm) 
 
As shown in Table 5.5, R2 values for RBC were very low (< 40%) for both concentrations of 
NH4+, and R2 values for BWBC that were not calculated. The same results were found for Kp1 and qe, 
although in RBC the calculated values for Kp1 (0.15 g mg-1 h-1) c and qe (0.006 mg g-1) were lower at 
lower concentrations in comparison with high concentrations for which Kp1 = 0.18 g mg-1 h-1 and qe = 
0.27 mg g-1 for. These results can be logically explained as the result of higher driving forces in higher 
concentrations increasing the adsorption rate, Kp1, and the adsorption capacity, qe. 
Table 5.5: Pseudo first-order model parameters for the adsorption of NH4+ onto RBC and BWBC  
Adsorbent NH4+ Concentration KP1 (g mg-1 h-1) Cal. qe (mg g-1) R2 (%) 
RBC 
2 (mg L-1) 0.15 0.006 23.53 
25 (mg L-1) 0.18 0.027 39.35 
BWBC 
2 (mg L-1) - - N/A 
25 (mg L-1) - - N/A 
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5.3.1.4 Pseudo-Second-Order Model 
Similarly, Ho’s second-order rate equation has been called pseudo-second-order rate equation 
to distinguish kinetic equations based on adsorption capacity from those based on the concentration 
of solution (Ho, 2006). The model assumes that adsorption may be second-order and the rate-
limiting step may be chemical adsorption involving valence forces through sharing or the exchange 
of electrons (Ho and McKay, 2000). The linear form of the pseudo-second-order rate equation is 
described by Equation 5.7 and Equation 5.8 (Qiu et al., 2009). 
𝜕𝜕
𝑞𝑞𝑡𝑡
= 1
𝑉𝑉0
+ 1
𝑞𝑞𝑒𝑒
𝜕𝜕  Equation 5.7 
𝑉𝑉0 = 𝑘𝑘𝑝𝑝2𝑞𝑞𝑒𝑒2  Equation 5.8 
 
where kp2 (g mg-1 h-1) is the pseudo-second-order rate constant of adsorption, V0 (mg g-1 h-1) is the 
initial adsorption rate, and the constants can be determined experimentally by plotting t/qt against t. 
 
Figure 5.6 shows the plots obtained by applying the pseudo-second-order model to the 
experimental adsorption data.  
 
 
Figure 5.6: Pseudo-second-order model for the adsorption of NH4+ onto RBC and BWBC (dose of 
RBC: 40 g L-1, NH4+ concentrations (2 and 25 mg L-1), particle size: 0.5-2.0 mm, pH = 5-6, T: 23 ± 2 
°C, stirring speed: 125 rpm) 
 
The obtained kinetic data was in agreement with the pseudo-second order model (R2=1). By 
applying the pseudo-second-order kinetic model, the calculated qe values of RBC and BWBC were 
close to the experimentally determined values as shown in Table 5.6. Therefore, the pseudo-second-
order model was found to be a reliable model for describing the adsorption of NH4+ by RBC and 
BWBC. 
Table 5.6: Pseudo-second-order model parameters for NH4+ adsorption onto RBC and BWBC 
Adsorbent NH4+ Concentration KP2 (g mg-1 h-1) Cal. qe (mg g-1) Exp. qe (mg g-1) R2 (%) 
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RBC 
2 (mg L-1) 796.7 0.018 0.02 1 
25 (mg L-1) 92.2 0.177 0.2 1 
BWBC 
2 (mg L-1) 407 0.067 0.05 1 
25 (mg L-1) 40.07 0.497 0.55 1 
 
As shown in Table 5.6, the adsorption capacity, qe, was substantially higher for higher initial 
NH4+ concentration in both RBC and BWBC, which was also evident in  
Figure 5.6. The adsorption capacities of BWBC were 2 to 3 times higher than that of RBC as shown in 
Table 5.6 and  
Figure 5.6. These results suggest that higher driving forces may be the reason for achieving 
higher adsorption capacities at higher concentrations of NH4+. 
5.3.2 Breakthrough Models in Fixed-bed Column Experiments – Synthetic Samples 
The performance of a fixed-bed column is inextricably linked to the shape of its breakthrough 
curve as it reveals important characteristics regarding the dynamic response and operation of an 
adsorption column (Han et al., 2009). Various kinetic models, such as the Adams-Bohart, Thomas, 
and Yoon-Nelson models, have been applied to assess the dynamic process and efficiency of fixed-
bed columns and expand them for industrial applications (Han et al., 2009). In order to apply kinetic 
models for breakthrough curve simulations for different experimental conditions, the following steps 
were conducted in this study: 
(i) Determination of experimental breakthrough curves for different inlet ammonium 
concentrations, 25 and 50 mg L-1, flow rates of 0.06 and 0.12 L h-1, and bed depths of 6 and 
12 cm. 
(ii) Analysis of experimental breakthrough curves by empirical models and calculation of their 
parameters. 
(iii) Model evaluation and verification of calculated model parameters. 
(iv) Comparison of simulated and experimental breakthrough curves. 
The following sections discuss how the experimental results fit into these empirical models. 
Calculations involved linear regression analysis with linear correlation coefficients (R2) showing the 
fit between the experimental data and the linearized forms of Adams-Bohart, Thomas, and Yoon-
Nelson models. Both the slope and the intercept were used for calculating model parameters.  
5.3.2.1 The Adams–Bohart Model 
The Adams-Bohart adsorption model was applied to experimental data to define the initial 
part of the breakthrough curve. This model is based on the assumption that the rate of adsorption is 
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proportional to the concentration of the adsorbate and the residual capacity of the adsorbent (Saadi 
et al., 2013). Also based on the surface reaction theory, this model assumes that equilibrium is not 
instantaneous and, therefore, the rate of adsorption is proportional to the adsorption capacity, 
which is an intrinsic property of the sorbent.  
This model established the fundamental equations which describe the relationship between 
Ct/C0 and t in a continuous system.  This approach is focused on the estimation of characteristic 
parameters such as maximum adsorption capacity (N0) and kinetic constant (KAB). The linear form of 
the Adams-Bohart model is expressed as Equation 2.33 (Trgo et al., 2011; Saadi et al., 2013; 
Malovanyy et al., 2013; Bohart and Adams, 1920): 
where C0 and Ct (mg L-1) are the influent and effluent concentration. KAB (L mg-1.h-1) is the kinetic 
constant, F (cm h-1) is the linear velocity calculated by dividing the flow rate by the column section 
area, Z (cm) is the bed depth of column and N0 (mg L-1) is the maximum adsorption capacity (Ahmad 
and Hameed, 2010). Values of N0 and KAB were calculated from the intercept and slope of the linear 
plot of ln(Ct /C0) against time (t) at all inlet ammonium concentrations, flow rates, and depths of 
adsorbents (RBC and BWBC) as shown in Figure 5.7, and their given correlation coefficients (R2) in 
Table 5.7. 
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Figure 5.7: Adams–Bohart model for NH4+ adsorption onto RBC and BWBC in synthetic samples 
 
Table 5.7: Adams–Bohart model parameters for the adsorption of NH4+ onto RBC and BWBC in 
synthetic samples 
Adsorbent  Constant Conditions  Varied Conditions 
KAB  
(L mg-1h-1) 
N0  
(mg L-1) 
R2 (%) 
A. Different inlet adsorbate concentrations 
RBC Bed depth = 12 cm,  
Q = 0.06 L h-1 
C0 = 25 mg L-1 
0.0012 1234.23 71.15 
BWBC 0.0015 1368.62 83.12 
RBC Bed depth = 12 cm,  
Q = 0.06 L h-1 
C0 = 50 mg L-1 
0.0005 2373.57 57.18 
BWBC 0.0007 2496.94 74.41 
B. Different flow rates 
RBC Bed depth = 12 cm,  
C0 = 50 mg L-1 
Q = 0.06 L h-1 
0.0005 2373.57 57.18 
BWBC 0.0007 2496.94 74.41 
RBC Bed depth = 12 cm,  
C0 = 50 mg L-1 
Q = 0.12 L h-1 
0.002 1501.43 95.9 
BWBC 0.0014 2274.18 80.46 
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C. Different depths of adsorbents 
RBC C0 = 50 mg L-1,  
Q = 0.12 L h-1 
Bed depth = 6 cm 
0.0027 1792.7 96.53 
BWBC 0.0024 2486.9 92.09 
RBC C0 = 50 mg L-1,  
Q = 0.12 L h-1 
Bed depth = 12 cm 
0.002 1501.43 95.9 
BWBC 0.0014 2274.18 80.46 
These results in Table 5.7 show that the maximum adsorption capacity (N0) increased with 
increasing inlet ammonium concentration (Table 5.7 - A), however decreased when both flow rate 
and bed depth of RBC and BWBC increased (Table 5.7- B and C). 
In contrast, the kinetic constant (KAB) decreased when inlet adsorbate concentration and bed 
depth of adsorbent increased, however increased with increasing flow rate. This suggests that the 
overall system kinetics is controlled by external mass transfer in the initial part of adsorption in the 
column (Aksu and Gönen, 2004). As it is shown in Table 5.7, the wide range of R2 (0.59-0.96) values 
suggests that the Adams-Bohart model is valid in some cases, however is not a suitable model to 
predict the shape of the breakthrough curve for this particular application.  
Furthermore, the adsorption capacity (N0) of BWBC was higher than RBC for all experimental 
conditions, thus reinforcing previous results in which BWBC displayed higher adsorption efficiency 
than RBC. 
5.3.2.2 The Thomas Model  
 The Thomas model is one of the most widely used methods in fixed-bed column 
performance theory. The basic assumptions of the Thomas model are (Aksu and Gönen, 2004): 
(i) negligible axial and radial diffusion in the fixed bed column. 
(ii) the adsorption principle is described by a pseudo-second-order reaction rate. 
(iii) column void fraction, physical properties of the solid phase and the fluid phase are 
constant. 
(iv) isothermal and isobaric process conditions. 
(v) the intra particle diffusion and external resistance during the mass transfer processes are 
considered to be negligible. 
 The linearized form of Thomas model can be expressed as Equation 5.9 (Aksu and Gönen, 
2004; Trgo et al., 2011): ln �𝐶𝐶0
𝐶𝐶𝑡𝑡
− 1� = 𝐾𝐾𝑇𝑇ℎ𝑞𝑞𝑒𝑒,𝑚𝑚𝑡𝑡𝑚𝑚𝑚𝑚
𝑄𝑄
−
𝐾𝐾𝑇𝑇ℎ𝐶𝐶0
𝑄𝑄
𝑉𝑉  Equation 5.9 
where, KTh (L.(h.mg)-1) is the Thomas rate constant, qe,max (mg.g-1) is the equilibrium maximum 
adsorption capacity of adsorbent, C0 (mg.L-1) is the influent adsorbate concentration, Ct (mg.L-1) is 
the effluent concentration at time t, m (g) is the mass of adsorbent, and Q (L.h-1) is the influent flow 
rate.  
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Experimental data from the column experiments were fitted to the Thomas model (Equation 
5.9), and a linear plot of ln[(C0/Ct) − 1] against volume (V) was used to determine qe,max and KTh values 
from the intercept and slope of the plot. Figure 5.8 shows the linear form of the Thomas model for 
different inlet ammonium concentrations, flow rates, and depth of adsorbents (RBC and BWBC).  
 
Figure 5.8: Thomas model for the adsorption of NH4+ onto RBC and BWBC in synthetic samples 
 
Table 5.8: Thomas model parameters for the adsorption of NH4+ onto RBC and BWBC in synthetic 
samples 
Adsorbent  Constant Conditions  Varied Conditions 
KTh  
(L mg-1h-1) 
qe,max  
(mg g-1) 
R2  
(%) 
A. Different inlet adsorbate concentrations 
RBC Bed depth = 12 cm,  
Q = 0.06 L h-1 
C0 = 25 mg L-1 
0.0706 0.047 96.57 
BWBC 0.0706 0.063 92.72 
RBC Bed depth = 12 cm,  
Q = 0.06 L h-1 
C0 = 50 mg L-1 
0.0381 0.068 94.88 
BWBC 0.0375 0.106 95.13 
B. Different flow rates 
RBC Bed depth = 12 cm,  
C0 = 50 mg L-1 
Q = 0.06 L h-1 
0.0381 0.068 94.88 
BWBC 0.0375 0.106 95.13 
RBC Bed depth = 12 cm,  Q = 0.12 L h-1 0.0561 0.1328 81.45 
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BWBC C0 = 50 mg L-1 0.0381 0.2091 95.53 
C. Different depths of adsorbents 
RBC C0 = 50 mg L-1,  
Q = 0.12 L h-1 
Bed depth = 6 cm 
0.0992 0.159 81.7 
BWBC 0.0758 0.238 90.51 
RBC C0 = 50 mg L-1,  
Q = 0.12 L h-1 
Bed depth = 12 cm 
0.0561 0.1328 81.45 
BWBC 0.0381 0.2091 95.53 
 
Table 5.8 shows that, as the influent concentration increased, qe,max increased while KTh 
decreased. This was due to the existing driving force between the ammonium on the adsorbent and 
the ammonium in the solution (Han et al., 2009). 
In addition, both qe,max and KTh increased with increasing flow rate (Crhribi and Chlendi, 2011). 
This may be due to the increased contact of ammonium ions with adsorbent particles at higher flow 
rates (Crhribi and Chlendi, 2011). In contrast, by increasing bed depth, qe,max and KTh decreased 
(Kulkarni, 2015; Saadi et al., 2013). 
Once again, qe,max values showed that BWBC had higher adsorption capacity than RBC.  
In conclusion, the results show that the experimental data are in good agreement with the 
theoretical results with R2 values ranging from 0.81 to 0.97 (Table 5.8). This suggests that the 
Thomas model is suitable for adsorption processes in which reaction is the main mechanism (Aksu 
and Gönen, 2004). 
5.3.2.3 The Yoon–Nelson Model 
The Yoon-Nelson model is simpler than other models, as it does not rely on detailed adsorbate 
data, adsorbent type or the physical properties of the adsorption bed. This model assumes that the 
rate of decrease in the probability of adsorption for each adsorbate molecule is proportional to the 
probability of adsorbate adsorption and the probability of adsorbate breakthrough on the adsorbent 
(Crhribi and Chlendi, 2011; Yoon and NELSON, 1984). The linear form of the Yoon–Nelson model for 
a single component system is expressed as Equation 5.10 (Yoon and NELSON, 1984): ln � 𝐶𝐶𝑡𝑡
𝐶𝐶0−𝐶𝐶𝑡𝑡
� = 𝐾𝐾𝑌𝑌𝑁𝑁𝜕𝜕 − 𝜏𝜏𝐾𝐾𝑌𝑌𝑁𝑁  Equation 5.10 
where KYN (h-1 is the rate velocity constant and τ (h) is the time required for 50% adsorbate 
breakthrough. A linear plot of ln[Ct/(C0 −Ct)] against sampling time (t) enabled the calculation of KYN 
and τ from the intercept and slope of the plot at different inlet ammonium concentrations, flow 
rates, and adsorbent depths. The values of KYN and τ are listed in Table 5.9. All plots are shown in 
Figure 5.9 and their correlation coefficients listed in Table 5.9. It can be said that the experimental 
data are fitted well with the model. 
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Figure 5.9: Yoon–Nelson model for the adsorption of NH4+ onto RBC and BWBC in synthetic 
samples 
 
KYN and τ were found to be directly and inversely proportional to the inlet ammonium 
concentration, respectively. This may be due to a higher driving force at higher concentrations 
causing an increase in the rate of adsorption (Kulkarni, 2015). The rate constant (KYN) was found to 
be directly proportional to the flow rate, with a reduction in the time required for 50% adsorbate 
breakthrough (τ) to occur due to the shorter residence time of NH4+ in the adsorbent bed (Table 
5.9)(Aksu and Gönen, 2004). Finally, by increasing depth of RBC and BWBC, the rate constant (KYN) 
decreased and the time required for 50% adsorbate breakthrough (τ) increased (Han et al., 2009). 
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Table 5.9: Yoon-Nelson model parameters for the adsorption of NH4+ onto RBC and BWBC in 
synthetic samples 
Adsorbent Constant Conditions Varied Conditions 
KYN  
(h-1) 
τ  
(h) 
R2 
(%) 
A. Different inlet adsorbate concentrations 
RBC Bed depth = 12 cm,  
Q = 0.06 L h-1 
C0 = 25 mg L-1 
0.1059 26.22 96.57 
BWBC 0.1059 35.23 92.72 
RBC Bed depth = 12 cm,  
Q = 0.06 L h-1 
C0 = 50 mg L-1 
0.1144 18.85 94.88 
BWBC 0.1126 18.85 95.13 
B. Different flow rates 
RBC Bed depth = 12 cm, 
 C0 = 50 mg L-1 
Q = 0.06 L h-1 
0.1144 18.85 94.88 
BWBC 0.1126 18.85 95.13 
RBC Bed depth = 12 cm,  
C0 = 50 mg L-1 
Q = 0.12 L h-1 
0.3367 9.22 81.45 
BWBC 0.2284 14.54 95.53 
C. Different depths of adsorbents 
RBC C0 = 50 mg L-1, 
 Q = 0.12 L h-1 
Bed depth = 6 cm 
0.5951 4.42 81.7 
BWBC 0.4549 6.62 90.51 
RBC C0 = 50 mg L-1,  
Q = 0.12 L h-1 
Bed depth = 12 cm 
0.3367 9.22 81.45 
BWBC 0.2284 14.54 95.53 
 
In conclusion, the Thomas and Yoon-Nelson models showed a better fit for the experimental 
data in comparison with the Adams-Bohart model for the removal of NH4+ using RBC and BWBC. The 
Thomas model enabled the calculation of the maximum adsorption capacity (qe,max) of the 
adsorbents, whereas the Yoon-Nelson model was used to calculate the breakthrough curve time (τ). 
N0 and qe,max values in all the above experiments suggest that the NH4+ adsorption capacity was 
higher in BWBC compared to RBC due to a larger number of available adsorption sites. In addition, 
the τ value showed that BWBC took longer to saturate in comparison with RBC. 
5.3.3 Breakthrough Models in Fixed-bed Column Experiments – Primary Effluent 
The same breakthrough models described in Section 5.3.2 (Adams-Bohart, Thomas and Yoon-
Nelson models) were applied to describe the performance of a fixed-bed column of RBC and BWBC 
for the removal of ammonium ions from primary wastewater effluent provided from Eastern 
Treatment Plant in Melbourne, Australia. The results are shown and discussed in the following 
sections. 
130 
 
5.3.3.1 The Adams–Bohart Model 
Figure 5.10 shows linear plots of ln(Ct /C0) against time (t) at different flow rates and RBC and 
BWBC adsorbent depths. The calculated values of N0 and KAB and their correlation coefficients (R2) 
are given in Table 5.7. 
 
Figure 5.10: Adams–Bohart model for the adsorption of NH4+ onto RBC and BWBC in wastewater 
samples 
 
As shown in Table 5.10, different values of R2 (0.59-0.96) suggest that the Adams-Bohart 
model is a valid, however not suitable model to predict breakthrough curves for RBC and BWBC. It 
was found that maximum adsorption capacity (N0) increased with increasing flow rate (Hamdaoui, 
2006), however decreased as the bed depth of RBC and BWBC increased (Table 5.10). The kinetic 
constant (KAB) remained steady throughout the experiment, however a slight increase was observed 
when flow rate and adsorbent bed depth increased. This suggests that the overall system kinetics is 
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controlled by external mass transfer in the initial stage of adsorption in the column (Aksu and 
Gönen, 2004). 
Table 5.10: Adams–Bohart model parameters for the adsorption of NH4+ onto RBC and BWBC in 
wastewater samples 
Adsorbent Constant Conditions Varied Conditions 
KAB  
(L mg-1h-1) 
N0 
(mg L-1) 
R2 
(%) 
A. Different flow rates 
RBC 
Bed depth = 12 cm Q = 0.06 L h-1 
0.0005 2961 88.41 
BWBC 0.0006 3418 96.7 
RBC 
Bed depth = 12 cm Q = 0.12 L h-1 
0.0007 3295 72.04 
BWBC 0.0008 4637 79.9 
B. Different depths of adsorbents 
RBC 
Q = 0.06 L h-1 Bed depth = 3 cm 
0.0003 7939 59.62 
BWBC 0.0004 8609 72.64 
RBC 
Q = 0.06 L h-1 Bed depth = 12 cm 
0.0005 2961 88.41 
BWBC 0.0006 3418 96.7 
5.3.3.2 Thomas Model  
Figure 5.11 shows the linear form of the Thomas model for different flow rates and 
adsorbents depths of RBC and BWBC. The experimental data are in good agreement with the 
theoretical results for this model with values of R2 ranging from 0.88 to 0.97 (Table 5.11). 
It was shown that by increasing flow rate and bed depth, qe,max increased (Crhribi and Chlendi, 
2011). This may be due to the increased contact of ammonium ions with adsorbent particles at 
higher flow rates (Crhribi and Chlendi, 2011). In contrast, the value of KTh  decreased with increasing 
flow rates and bed depths (Kulkarni, 2015; Saadi et al., 2013).  
Table 5.11: Thomas model parameters for adsorption of NH4+ onto RBC and BWBC in wastewater 
samples 
Adsorbent Constant Conditions Varied Conditions 
KTh 
(L mg-1h-1) 
qe,max (mg g-1) 
R2 
(%) 
A. Different flow rates 
RBC 
Bed depth = 12 cm Q = 0.06 L h-1 
0.0246 0.116 88.01 
BWBC 0.0269 0.146 85.4 
RBC 
Bed depth = 12 cm Q = 0.12 L h-1 
0.0283 0.166 94.12 
BWBC 0.0288 0.306 97.61 
B. Different depths of adsorbents 
RBC 
Q = 0.06 L h-1 Bed depth = 3 cm 
0.0404 0.086 91.98 
BWBC 0.043 0.196 96.86 
RBC 
Q = 0.06 L h-1 Bed depth = 12 cm 
0.0246 0.116 88.01 
BWBC 0.0269 0.2 85.4 
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Figure 5.11: Thomas model for adsorption of NH4+ onto RBC and BWBC in wastewater samples 
5.3.3.3 The Yoon–Nelson model 
 The Yoon-Nelson parameters were calculated from the intercept and slope of a linear plot of 
ln[Ct/(C0 −Ct)] against sampling time (t) (Figure 5.12), and their values listed in Table 5.12. As it can be 
observed, the experimental data fitted well to the Yoon-Nelson model. 
It was found that the rate constant (KYN) was proportional to the flow rate, however the time 
required to reach 50% of adsorbate breakthrough (τ) decreased due to the shorter residence time of 
NH4+ ion in the adsorbent bed at higher flow rates (Table 5.12) (Aksu and Gönen, 2004). Moreover, 
with increasing depth of RBC and BWBC, the rate constant (KYN) decreased and time required for 
50% adsorbate breakthrough (τ) increased (Han et al., 2009). 
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Table 5.12: Yoon-Nelson model parameters for adsorption of 40 mg L-1 of NH4+ onto RBC and 
BWBC in wastewater samples 
Adsorbent Constant Conditions Varied Conditions 
KYN 
(h-1) 
τ  
(h) 
R2 
(%) 
A. Different flow rates 
RBC 
Bed depth = 12 cm Q = 0.06 L/h 
0.0664 35.68 88.01 
BWBC 0.0606 54.15 85.4 
RBC 
Bed depth = 12 cm Q = 0.12 L/h 
0.1529 12.78 94.12 
BWBC 0.1337 23.64 97.61 
B. Different depths of adsorbents 
RBC 
Q = 0.06 L/h Bed depth = 3 cm 
0.109 5.33 91.98 
BWBC 0.1162 12.07 96.86 
RBC 
Q = 0.06 L/h Bed depth = 12 cm 
0.0664 35.68 88.01 
BWBC 0.0606 54.15 85.4 
 
 
Figure 5.12: Yoon–Nelson model for adsorption of NH4+ onto RBC and BWBC in wastewater 
samples 
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In summary, the Yoon-Nelson model showed a better fit in comparison with the Thomas and 
Adams-Bohart models with the Thomas model being better than the Admas-Bohart model.  
Based on qe,max and N0 values, the NH4+ adsorption capacity of BWBC was higher than the 
equivalent for RBC, with longer saturation times for BWBC compared to RBC as indicated by their 
respective τ values and kinetic rates KYN. 
The adsorption capacities (qe,max and N0) of RBC and BWBC were found to be higher for the 
removal of ammonium from primary wastewater effluent compared with those for synthetic 
experimental results. A comparison of the constant parameters for each model and their respective 
τ values showed that ammonium adsorption in primary wastewater effluent required a longer 
period of time to reach saturation in comparison with synthetic wastewater.  
The presence of organic contents in the real wastewater sample appeared to increase the 
adsorption of NH4+ through ion-exchangers (Jorgensen and Weatherley, 2003). This may explain the 
increased adsorption capacity of both RBC and BWBC when applied to the primary wastewater 
effluent samples. Conversely, it was observed that suspended particles covered the surface of 
adsorbent bed, thus reducing the contact of ammonium ions with adsorbent particles delaying the 
saturation time in primary wastewater effluent samples in comparison with the synthetic samples. 
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6 Conclusions and Recommendation 
 This research evaluated the use of BC in batch and column tests to remove nutrients, namely 
ammonium and phosphate, from synthetic and real wastewater samples. The adsorption 
parameters used to evaluate the efficiency of nutrient removal from wastewater samples showed 
that pH, initial adsorbate concentration, dose of adsorbent and flow rate/contact time played pivotal 
roles in elevating BC removal efficiency and adsorption capacity.  
 In agreement with the literature, results showed that the ammonium removal efficiency of 
BC was greatly increased at pH > 7 as ammonia gas generation was suppressed at basic pHs. In batch 
tests, the adsorption capacity of RBC was enhanced at higher initial ammonium concentrations with 
maximum adsorption rate of 44% at an optimal adsorbent dose (100 g L-1). 
 BC was found to be more efficient at removing ammonium (NH4+) than phosphate (PO43-) 
from wastewater in all cases. The selectivity of BC for ammonium in the presence of metal ions such 
as Na+, Mg2+ and K+ was investigated and the affinity of BC for cations was found to be in the 
following order: Mg2+ > NH4+ ≥ K+ > Na+. 
 In all batch and column tests using both synthetic and real wastewater samples, BWBC was 
found to have superior ammonium removal efficiency compared to RBC. FTIR spectroscopy 
confirmed chemical alterations in BWBC as a result of chemical introduction of ammonium 
molecules to BC after basic treatment. SEM-EDS was also used to quantify the weight contribution of 
different elements, namely Na, O, Mg, Al, Si, and P in RBC and BWBC before and after ammonium 
adsorption. Crystallographic analysis showed higher crystallinity for BWBC compared to RBC, thus 
confirming the formation of new salt crystals due to the basic treatment of BC with NaOH.  
 In order to quantify adsorption parameters, different isotherm and kinetic models were 
fitted to the experimental data. The chosen Langmuir and Freundlich models showed high fit with 
the experimental data. Among the used kinetic models, the Pseudo-Second Order model showed the 
best fit with the experimental data suggesting chemisorption as the governing mechanism in 
ammonium removal by BC. In another investigation, the Yoon-Nelson and Thomas models showed 
the highest fit, and thus the highest accuracy in determining the maximum achievable adsorption 
rate and adsorption time, respectively. Kinetic and isotherm Modeling suggested that the removal of 
ammonium was mainly governed by reaction process rather than physical diffusion mechanisms. 
Both kinetic and isotherm studies confirmed that BWBC has a higher adsorption capacity compared 
to RBC. 
 As anticipated, RBC mode of action in removal of contaminants from wastewater is through 
cationic-exchange, and thus is ineffective in removal of negatively charged ions such as phosphates. 
Considering this, the core of this study was the removal of ammonium – as a cationic nutrient – from 
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synthetic and real wastewater samples. In comparison with RBC, one commercial product made of 
Victorian brown coal (Head Bead BBQ Briquettes, Australia) showed a superior removal rate for 
phosphate compared to ammonium in different wastewater samples. Surface area and porosity 
measurements using Brunauer–Emmett–Teller (BET) tests showed that the higher adsorption 
capacity of BBQ Briquettes for phosphate resulted from its higher pore volume and surface area in 
comparison with RBC. This suggests that particle diffusion was the governing mechanism in 
phosphate removal. 
 Finally, the ammonium removal efficiency and adsorption capacity of BC in real wastewater 
samples were similar to those in synthetic wastewater samples. 
In conclusion, BWBC may be used as a cheap, sustainable and environmentally friendly 
nutrient adsorbent in wastewater treatment due to its unique chemical and enhanced adsorptive 
properties. 
 While all the objectives of this preliminary study were answered, there is still a lack of 
practical application in the approach of using BC to remove ammonium from wastewater. The 
rationale is that the adsorption capacity achieved through this research still requires a substantial 
quantity of BC to adsorb ammonium from wastewater which renders it to be impractical for 
industrial applications at this stage. However, in comparison, the cost of using BC is still lower than 
other types of adsorbents which are available in the market. Therefore, further study to improve the 
ammonium adsorption capacity of BC is recommended. 
 As previously outlined, the focus was not merely to find a low-cost substitute adsorbent. The 
crucial reason behind choosing BC for ammonium removal was to establish an environmental-
friendly alternative use for BC, instead of using it as a fuel which has severely harmful effects on the 
environment. Additionally, BC has already shown promising results as an amendment for soil. Hence, 
applying exhausted BC into soil would be a brilliant study that can solve the issue of disposal or 
regeneration of BC, after applying it as an adsorbent. 
